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1.  Introduction: 


This  study  aimed  to  optimize  the  nanoparticle  delivery  system  for  effective  ocular  delivery  of 
siRNA  in  animal  models  in  order  to  validate  the  therapeutic  targets  developed  at  USAMRICD.  In 
collaboration  with  the  Target  Discovery  Core  and  the  In  Vivo  Target  Validation  Core  led  by 
Dr.  Albert  Ruff  at  USAMRICD,  the  team  plans  to  develop  potential  therapeutic  targets  for  the 
development  of  treatments  to  alleviate  the  effects  of  vesicant  exposure  for  the  warfighter.  The 
specific  tasks  include:  (1)  To  optimize  nanoparticle  tissue  retention  and  cell  uptake  by  conjugating 
cell  adhesion  ligand  to  nanoparticles  and  by  surface  coating  of  hyaluronic  acid  to  improve  the  muco- 
adhesive  property  of  the  nanoparticles;  extend  siRNA  knockdown  duration  by  tuning  the  density  of 
reversible  crosslinks  in  nanoparticle  core;  and  confirm  that  these  modifications  will  not  affect  the 
nanoparticle  properties;  (2)  To  correlate  optimization  parameters  of  the  nanoparticles  (prepared  in 
Task  1)  with  the  gene  knockdown  efficiency  following  ocular  delivery;  and  compare  the  efficiencies 
of  topical  application  and  subconjunctival  injection  of  the  nanoparticles.  We  had  planned  to 
complete  the  subconjunctival  administration  of  the  nanoparticles  in  Dr.  Ruff  s  Lab  at  USAMRICD. 
(3)  To  confirm  and  optimize  knockdown  of  therapeutic  targets  in  vivo\  characterize  the  expression 
kinetics;  and  identify  cell  types  that  are  transfected  by  nanoparticles  in  collaboration  with  Dr.  Ruff. 


2.  Keywords: 

Nanoparticles,  non-viral  vector,  siRNA,  gene  knockdown,  ocular  delivery 


3.  Overall  Project  Summary: 

We  have  successfully  developed  an  improved  protocol  to  prepare  a  condensed  siRNA 
nanoparticles  with  compact  and  uniform  size  using  PEGylated  cationic  carriers.  Through 
optimization  of  the  carrier  structure,  PEG  density,  and  assembly  conditions,  we  have  prepared  stable 
siRNA  nanoparticles  with  discrete  and  compact  size  of  40  to  60  nm  (number  average  dynamic  light 
scattering  measurement  in  water).  We  have  tested  two  different  cationic  polymers, 
polyphosphoramidate  (PPA)  and  linear  polyethyleneimine  (PEI)  to  confirm  the  applicability  of  this 
method  to  different  carriers.  In  addition,  we  have  tailored  the  method  to  effective  condense  siRNA 
into  both  spherical  and  rod-like  particles.  These  nanoparticles  showed  much  improved  stability  in 
buffer  with  physiological  ionic  strength.  The  smaller  nanoparticles  elicited  much  higher  gene 
knockdown  efficiency  in  rodent  models  following  a  site-specific  injection  and  systematic  delivery, 
suggesting  the  improved  stability  in  physiological  media  in  vivo.  These  results  highlight  the 
effectiveness  of  our  strategy  in  condensing  and  stabilizing  nanoparticles  in  promoting  their  gene 
knockdown  activity  in  vivo.  Using  a  similar  protocol,  we  have  also  achieved  effective  condensation 
of  siRNA/PEI-^-PEG  nanoparticles  to  an  average  of  44  nm  (Fig.  1).  Through  molecular  dynamics 
simulation,  we  revealed  the  role  of  solvent  quality  and  PEI-PEG  hydrogen  bonding  in  the  assembly 
of  lPEI-^-PEG/siRNA  micelles.  The  micelle  size  was  preserved  after  organic  solvent  removal  by 
means  of  reversible  disulfide  crosslinking;  we  confirmed  that  the  micelles  maintained  their  size  in 
water  and  physiological  media.  We  have  also  confirmed  size-dependent  in  vivo  transfection 
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efficiency  following  intravenous  injection  of  the  siRNA  micelles  in  rats  (Fig.  2).  The  gene 
knockdown  efficiency  in  rat  liver  achieved  by  the  smaller  siRNA  micelles  was  significantly  higher 
than  for  the  larger  micelles  prepared  from  the  same  copolymer  carrier.  The  condensation  technique 
introduced  here  allows  a  simple  and  effective  way  to  reduce  siRNA  particle  size  and  provides  a  model 
platform  for  further  study  of  the  effect  of  particle  size  on  in  vivo  cellular  uptake,  knockdown 
efficiency,  biodistribution,  and  pharmacokinetics. 


Fig.  1.  Size  distribution  of  IPEI-g- 
PEG/siRNA  micelles  in  different 
solvents.  (A)  Size  distribution  of  IPEI-g- 
PEG/siRNA  micelles  and  IPEI/siRNA 
nanoparticles  prepared  in  water,  as 
determined  by  dynamic  light  scattering; 
(B)  Simulation  results  for  size 
distributions  of  IPEI-g-PEG/siRNA 
micelles  and  IPEI/siRNA  nanoparticles 
in  water;  (C)  Size  distribution  of  IPEI-g- 
PEG/siRNA  micelles  prepared  in  pure 
water  and  7:3  (v/v)  DMF-water  mixture; 
(D)  Simulation  results  for  size 
distribution  of  IPEI-g-PEG/siRNA 
micelles  in  pure  water  (labeled  “Solvent 
1”)  and  7:3  (v/v)  DMF-water  mixture 
(labeled  “Solvent  2”);  (E-G)  TEM 
images  of  IPEI/siRNA  nanoparticles  (E), 
IPEI-g-PEG/siRNA  micelles  prepared  in 
pure  water  (F),  and  IPEI-g-PEG/siRNA 
micelles  prepared  in  DMF-water 
mixture  (G),  respectively.  All  scale  bars 
represent  200  nm. 
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Fig.  2.  Size-dependent 
transfection  efficiency  of  IPEI-g- 
PEG/siRNA  micelles.  (A)  In  vitro 
cellular  uptake  of  Alexa  Fluor 
488-labeled  micelles  in  HepG2 
cells.  Bars  represent  mean  ±  SD 
( n  =  3);  (B)  In  vitro  gene 
knockdown  efficiency  in  HepG2 
cells  following  100  nM  equivalent 
dose  of  siRNA.  Bars  represent 
mean  ±  SD  {n  =  3);  (C)  In  vivo 
gene  silencing  in  rat  liver  at  24  h 
and  48  h  after  administration  of 
nanoparticles  at  a  dose 
equivalent  to  80  pg  siRNA  via  tail 
vein  injection.  Bars  indicate  mean 
relative  luciferease  expression  ± 
SD  (n  =  4-7).  *p  <0.05. 


In  addition,  we  have  recently  also  developed  conditions  that  allows  for  shape  control  over  siRNA 
nanoparticles  (Fig.  3).  Using  a  reversible  disulfide  bond  crosslinking  method,  we  have  shown  these 
nanoparticles  are  stable  in  medium  with  physiological  ionic  strength.  These  nanoparticles  also 
showed  significant  gene  knockdown  efficiency  in  vitro  and  in  vivo  in  brain  tissue.  The  results 
indicate  that  rod-shaped  nanoparticles  were  most  effective  for  the  delivery  of  siRNAs  to  the  CNS, 
highlighting  the  effect  of  nanoparticle  shape  on  siRNA  delivery  in  vivo. 


Fig.  3.  Tuning  the  shape  of  siRNA  nanoparticles  ranging  from  spherical  LPEI17k-8%PEGi0k/siRNA 
nanoparticles  (a),  rod-like  LPEli7k-4%PEG10k/siRNA  nanoparticles  (b),  and  worm-like  LPEI17k- 
2%PEG10k/siRNA  nanoparticles  (c).  Scale  bars  =  200  nm. 


To  improve  the  compatibility  of  the  siRNA  nanoparticles  with  ocular  tissue,  and  improve  the 
retention  and  uptake  of  these  particles,  we  adopted  a  previously  developed  ionic  crosslinking  strategy 
to  stabilize  the  IPEI/siRNA  complex  prior  to  HA  coating  through  the  incorporation  of  sodium 
triphosphate  (Fig.  4a).  This  strategy  allows  for  the  formation  of  stable,  discrete  spherical  particles 
with  average  diameters  of  100  nm  (Fig.  4b).  Importantly,  FLA-coating  also  significantly  improves  the 
knockdown  efficiency  in  vitro  when  tested  in  two  different  corneal  cell  lines,  compared  to  particles 
without  HA  coating  and  without  TPP  crosslinking  (Fig.  4c). 
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Fig.  4.  (a)  Preparation  of  IPEI/siRNA 
nanoparticles  followed  by  HA-coating 
leads  to  irregular  aggregation,  unless  TPP 
is  used  to  stabilize  the  complex  prior  to 
HA-coating.  (b)  TEM  image  of  HA-coated 
IPEI/TPP/siRNA  nanoparticles;  (c) 
Luciferase  gene  silencing  efficiency 
mediated  by  siRNA  nanoparticles  in 
human  corneal  epithelial  (HCE-2)  and 
human  corneal  limbal  epithelial  (HCLE) 
cells  with  siRNA  dose  of  100  nM.  Values 
are  expressed  as  mean  ±  SEM  (n=4). 
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As  part  of  Task  3,  we  have  tested  the  top  three  formulations  selected  based  on  the  above-mentioned 
experiments,  including  I P hi  m-g-P EG  i mTsi  R N A  micelles  solvent-assembled  into  44  nm  micelles, 
LPEIi7k-8%PEGiok/siRNA  spherical  nanoparticles,  and  LPEIi7k-4%PEGiok/siRNA  rod-like 
nanoparticles.  Elowever,  all  results  returned  negative  failing  to  show  any  appreciable  gene 
knockdown  effect  in  the  model  established  in  Dr.  Ruff s  Lab,  following  subconjuctival  injection. 
For  easy  deployment  of  the  nanoparticle  formulation  in  the  field,  we  have  explored  the  possibility  to 
deliver  nanoparticles  through  hyaluronic  acid  (HA)  hydrogel,  which  will  significantly  extend  the 
duration  of  nanoparticle  delivery  in  a  sustainable  manner  to  the  eye. 

To  assess  the  delivery  via  HA  hydrogel,  crosslinked  particles  were  prepared  encompassing 
fluorescently  labeled  siRNA  (25  bp  for  enhanced  stability-  with  Alexa  555)  and  LPEIi7k-g- 
8%PEGiok.  A  HA-based  hydrogel  was  made  with  nanoparticles  loaded  in  it  and  tuned  to  have  three 
different  stiffness  levels  (800  Pa,  350  Pa,  and  100  Pa).  HA  solution  is  currently  being  used  as  eye 
drops  to  treat  dry  eyes.  It  has  excellent  tissue  compatibility.  Each  formulation  was  pipetted  into  a 
well  of  96-well  plate.  At  30  minutes  after  the  components  of  the  hydrogel  and  nanoparticles  were 
mixed,  we  added  50  pi  of  PBS  to  each  of  the  wells  to  test  whether  the  nanoparticles  can  diffuse  out 
of  hydrogel  phase.  We  observed  that  after  3  h,  the  hydrogel  with  the  100-Pa  stiffness  level  gave  the 
highest  release  of  nanoparticles  (36.3%  as  compared  to  20.5  %  and  18.9%  from  350-Pa  and  800-Pa 
stiffness  HA  hydrogels,  respectively  (Fig.  5A).  However,  nanoparticle  release  after  the  initial  burst 
(during  the  next  3  h)  were  similar  for  all  the  hydrogel  groups.  The  PBS  samples  were  run  on  a  gel 
and  free  siRNA  was  not  observed,  suggesting  that  siRNA  was  still  encapsulated  and  the  nanoparticles 
were  stable  under  this  condition  (data  not  shown).  It  is  worth  noting  that  the  release  kinetics 
following  in  vivo  delivery  would  likely  be  much  faster,  due  to  the  clearance  of  HA  hydrogel.  The 
100-Pa  hydrogel  lends  itself  attractively  to  the  concept  of  building  a  suitable  material  that  may  be 
applied  on  the  eye  with  the  therapeutic  being  released  over  a  short  time  span. 
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We  decided  to  utilize  the  hydrogel  with  a  100-Pa  stiffness  for 
an  initial  in  vivo  evaluation  in  C57BL/6  mouse.  A  hydrogel 
strategy  allowed  for  direct  application  of  our  formulation  on 
the  surface  of  the  eye  so  as  to  be  able  to  mimic  a  clinically 
viable  delivery  strategy.  PBS  was  applied  on  the  left  eye 
(control)  and  nanoparticles  embedded  in  100-Pa  HA 
hydrogel  were  applied  to  the  right  eye  under  anesthesia  for  a 
period  of  4  h.  These  nanoparticles  contained  fluorescently 
labeled  siRNA.  As  shown  in  Fig.  5B,  the  siRNA  signal  was 
observable  on  the  epithelial  cells.  This  suggests  that  the 
siRNA  was  able  to  escape  from  the  hydrogel  phase  and  diffuse 
onto  the  surface  of  the  epithelial  cell  layer.  However,  too  few 
amount  of  appreciable  siRNA  payload  co-localized  with  the 
cytoplasm  of  the  cells. 
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These  results  confirm  that  FLA  hydrogel  delivery  is  a 
promising  approach  for  eye  surface  delivery  of  siRNA 
nanoparticles.  Cellular  entry  is  a  major  barrier  for  effective 
delivery  of  siRNA  to  corneal  epithelial  cells.  Further 
optimization  of  nanoparticles  to  enhance  cell  uptake,  e.g. 
using  targeting  ligands  tailored  for  epithelial  cells,  should  be 
the  focus  of  the  next  phase  study  in  order  to  achieve  effective 
delivery  of  siRNA  to  the  eye. 


Fig.  5.  Nanoparticle  release  from  HA 
hydrogels.  (A).  Nanoparticles  contained 
Alexa  555-labeled  siRNA  were  loaded 
into  HA  hydrogels  with  different  moduli. 
Nanoparticle  release  into  the  PBS 
overlying  the  hydrogel  at  two  different 
durations  were  measured  by  quantifying 
the  amount  of  fluorescence  in 
supernatant  against  the  total  of  siRNA 
encapsulated.  (B).  Nanoparticles 
released  from  100-Pa  HA  hydrogel 
applied  on  to  the  surface  of  the  eye  in 
mice.  Isoflurane  was  utilized  to 
anesthetize  the  mouse  for  a  period  of  4  h, 
following  which  the  eyes  were  harvested, 
post-fixed  in  4%  paraformaldehyde, 
sectioned,  and  imaged.  The  left  eye, 
which  is  treated  with  PBS,  does  not  show 
any  background  signal. 


Although  these  nanoparticle  formulations  appeared  to  be  less 
efficienct  in  corneal  epithelial  cells,  we  had  an  opportunity  to 
test  their  potential  in  treating  Alzheimer’s  Disease  (AD)  in  a 
mouse  model  in  Dr.  Philip  Wong’s  Lab  at  Johns  Hopkins 
Medicine.  AD  is  a  progressive  neurodegenerative  disease 
currently  lacking  effective  treatment.  Efficient  delivery  of 
siRNA  via  nanoparticles  may  emerge  as  a  viable  therapeutic  approach.  We  have  used  the 
nanoparticles  developed  here,  particularly  linear  polyethyleneimine  (LPEI) -^-polyethylene  glycol 
(PEG)  copolymer-based  micellar  nanoparticles,  to  deliver  siRNA  targeting  BACE1  and  APP,  two 
therapeutic  targets  of  AD.  Using  LPEI-siRNA  nanoparticles  against  either  BACE1  or  APP  in 
cultured  mouse  neuroblastoma  (N2a)  cells,  we  observe  selective  knockdown,  respectively,  of  BACE1 
or  APP.  The  encapsulation  of  siRNA  by  LPEI-g-PEG  carriers  as  those  shown  in  Fig.  3,  with 
different  grafting  degrees  of  PEG,  leads  to  the  formation  of  micellar  nanoparticles  with  distinct 
morphologies,  including  worm-like,  rod-like  or  spherical  nanoparticles.  By  infusing  these  shaped 
nanoparticles  into  mouse  lateral  ventricles,  we  show  that  rod-shaped  nanoparticles  achieved  the  most 
efficient  knockdown  of  BACE1  in  the  brain.  Furthermore,  such  knockdown  is  evident  in  spinal 
cords  of  these  treated  mice.  Taken  together,  our  findings  indicate  that  the  shape  of  siRNA- 
encapsulated  nanoparticles  is  an  important  determinant  for  their  delivery  and  gene  knockdown 
efficiency  in  the  central  nervous  system.  This  proof-of-principle  study  establishes  the  potential  of 
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this  method  for  RNAi  therapy  in  CNS.  Beyond  this  model,  these  nanoparticles  may  be  applicable 
for  targeting  other  organs  or  tissues. 

4.  KEY  RESEARCH  ACCOMPLISHMENTS: 

•  We  have  developed  new  method  to  control  the  size  and  shape  of  siRNA  nanoparticles.  More 
importantly,  this  method  can  compact  nanoparticles  to  smaller  size  with  higher  stability  in 
physiological  media.  Optimized  a  protocol  to  surface-coat  nucleic  acid  nanoparticles  with 
hyaluronic  acid,  and  retain  the  stability  of  the  nanoparticles.  Identified  the  conditions  using 
reversible  crosslinking  density  to  stabilize  siRNA  nanoparticles. 

•  We  have  demonstrated  gene  knockdown  in  several  cell  lines,  and  confirmed  that  disulfide 
reversible  crosslinks  are  essential  to  successful  transfection  and  gene  knockdown. 

•  We  have  collaborated  with  Dr.  Ruff  and  tested  the  first  generation  of  nanoparticles 
(PEGylated  spherical  nanoparticles)  following  sub-conjunctival  injection.  However,  this 
pilot  study  did  not  show  positive  gene  knockdown  with  the  initial  nanoparticle  formulation 
and  dose.  Nonetheless,  we  have  identified  the  feasible  injection  parameters  and  analysis 
protocols.  Part  of  the  challenge  is  with  the  small  injection  volume,  which  required 
lyophilization  and  resuspension  of  nanoparticles  in  extremely  high  concentration  (2  —  5 
mg/ml).  Severe  aggregation  was  observed  under  this  condition. 

•  We  have  developed  a  topical  application  method  based  on  hyaluronic  acid  hydrogel  delivery, 
and  demonstrated  that  siRNA-nanoparticles  encapsulated  in  the  hydrogel  can  be  successfully 
release  from  the  hydrogel  in  vitro  and  in  vivo  following  application  to  the  surface  of  the  eye. 
However,  we  have  also  concluded  that  epithelial  cell  uptake  represents  a  major  barrier  for 
nanoparticle-mediated  siRNA  delivery. 

•  We  have  collaborated  with  Prof.  Philip  Wong  at  Johns  Hopkins  Neuropathology  to  explore 
the  application  of  these  siRNA  nanoparticles  for  treating  Alzheimer’s  Disease  (AD)  in  a 
mouse  model,  and  have  shown  successful  gene  knockdown  of  AD-specific  target  in  mouse 
brain  following  infusion  into  mouse  lateral  ventricles. 


5.  CONCLUSION: 

Vesicant  injury  has  been  unaddressed  threat  for  the  warfighters  for  decades.  This  proposed  study 
is  an  important  component  of  the  VT-CCRP.  The  long-term  goal  is  this  program  is  to  develop 
therapeutic  strategies  to  effectively  minimize  injuries  to  ocular  tissue  resulting  from  vesicant 
exposure.  This  task  of  this  project  is  to  develop  a  nanoparticle  system  for  delivery  of  the  identified 
gene  knockdown  targets  developed  at  USAMRICD.  We  have  developed  tailored  siRNA 
nanoparticles  packaging  method  to  yield  nanoparticles  with  controlled  shape  and  size,  and  showed 
that  surface  modification  can  improve  nanoparticle  stability. 
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Subconjunctival  injection  can  be  easily  achieved  in  humans;  also  various  types  of  therapeutics 
have  been  effectively  delivered  via  subconjunctival  injection.  It  has  also  been  shown  that 
subconjunctival  injection  can  effectively  deliver  nanoparticles,  drugs  or  proteins  to  corneal  mucosal 
cell  types  with  low  cytotoxicity.  All  the  top  nanoparticle  formulations  tested  at  Dr.  Ruff s  Lab  at 
USAMRICD  did  not  show  any  appreciable  level  of  gene  knockdown  following  subconjunctival 
administration. 

In  addition,  we  have  developed  a  topical  application  method  based  on  hyaluronic  acid  hydrogel 
delivery  and  demonstrated  that  siRNA-nanoparticles  encapsulated  in  the  hydrogel  can  be 
successfully  release  from  the  hydrogel  in  vitro  and  in  vivo  following  application  to  the  surface  of  the 
eye.  However,  we  have  also  concluded  that  epithelial  cell  uptake  represents  a  major  barrier  for 
nanoparticle-mediated  siRNA  delivery.  We  did  not  observe  significant  level  of  nanoparticle 
transport  inside  the  cytosol  of  corneal  epithelial  cells. 

Nonetheless,  we  have  collaborated  with  Prof.  Philip  Wong  at  Johns  Hopkins  Neuropathology  to 
explore  the  application  of  these  siRNA  nanoparticles  for  treating  Alzheimer’s  Disease  (AD)  in  a 
mouse  model,  and  have  shown  successful  gene  knockdown  of  AD-specific  target  in  mouse  brain 
following  intrathecal  delivery. 
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•  Shyam  R,  Ren  Y,  Lee  J,  Braunstein  KE,  Mao  HQ,  Wong  PC.  (2015).  Intraventricular 
delivery  of  siRNA  nanoparticles  to  the  central  nervous  system.  Mol.  Ther.  Nucleic  Acids.  4: 
e242. 

•  Qu  W,  Wu  J,  Mao  HQ,  Luijten  E.  Solvent  induced  size  reduction  of  self-assembled 
siRNA/copolymer  nanoparticles.  ?  bt_l  acb  F  cjrf  a_[E  Materials.  (In  Review) 

Invited  reviews  (attached): 

•  Williford  JM,  Shyam  R,  Santos  JL,  Mao  HQ.  Methods  and  Applications  of  Nanoparticle 
Shape  Control  in  Therapeutic  Delivery.  Biomaterials  Science.  (2015). 

•  Williford  JM,  Wu  J,  Ren  Y,  Archang  MM,  Leong  KW,  Mao  HQ.  Recent  Advances  in 
Nanoparticle-Mediated  siRNA  Delivery.  Annual  Reviews  in  Biomedical  Engineering.  16  (7): 
347-370  (2014).  PMID:  24905873. 

Conference  Presentations: 

•  Shyam  R,  Lee  J,  Ren  R,  Wong,  P,  Mao  HQ.  siRNA  delivery  mediated  by  shape-controlled 
nanoparticles.  The  17th  Annual  Meeting  of  the  American  Society  of  Gene  and  Cell  Therapy, 
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7.  INVENTIONS,  PATENTS  AND  LICENSES: 

•  Shape-Controlled  siRNA  Nanoparticles  for  In  Vivo  Delivery  of  RNA  Therapeutics. 
US  Provisional  Patent  Application  Serial  No.  62/000,838  (Filed  on  05/20/2014)  (Attached). 


8.  REPORTABLE  OUTCOMES: 

•  A  series  of  nanoparticles  for  siRNA  packaging  with  small  and  compact  size,  and  different 
shapes; 

•  A  method  for  siRNA  packaging  and  stabilization,  and  surface  modification. 

•  A  hyaluronic  acid  hydrogel  based  delivery  method  for  ocular  surface  delivery  of 
nanoparticles. 
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Intraventricular  Delivery  of  siRNA  Nanoparticles  to  the 
Central  Nervous  System 

Rishab  Shyam'jYong  Ren23,  Jason  Lee13,  Kerstin  E  Braunstein4,  Hai-Quan  Mao2-3-5-6  and  Philip  C  Wong47 

Alzheimer’s  disease  (AD)  is  a  progressive  neurodegenerative  disease  currently  lacking  effective  treatment.  Efficient  delivery  of 
siRNA  via  nanoparticles  may  emerge  as  a  viable  therapeutic  approach  to  treat  AD  and  other  central  nervous  system  disorders. 
We  report  here  the  use  of  a  linear  polyethyleneimine  (LPEI)-g-polyethylene  glycol  (PEG)  copolymer-based  micellar  nanoparticle 
system  to  deliver  siRNA  targeting  BACE1  and  APP,  two  therapeutic  targets  of  AD.  Using  LPEI-siRNA  nanoparticles  against  either 
BACE1  or  APP  in  cultured  mouse  neuroblastoma  (N2a)  cells,  we  observe  selective  knockdown,  respectively,  of  BACE1  or  APP. 
The  encapsulation  of  siRNA  by  LPEI-g-PEG  carriers,  with  different  grafting  degrees  of  PEG,  leads  to  the  formation  of  micellar 
nanoparticles  with  distinct  morphologies,  including  worm-like,  rod-like,  or  spherical  nanoparticles.  By  infusing  these  shaped 
nanoparticles  into  mouse  lateral  ventricles,  we  show  that  rod-shaped  nanoparticles  achieved  the  most  efficient  knockdown  of 
BACE1  in  the  brain.  Furthermore,  such  knockdown  is  evident  in  spinal  cords  of  these  treated  mice.Taken  together,  our  findings 
indicate  that  the  shape  of  siRNA-encapsulated  nanoparticles  is  an  important  determinant  for  their  delivery  and  gene  knockdown 
efficiency  in  the  central  nervous  system. 

Molecular  Therapy— Nucleic  Acids  (2015)  4,  e242;  doi:1 0.1 038/mtna.201 5.1 5;  published  online  12  May  2015 
Subject  Category:  siRNAs,  shRNAs,  and  miRNAs  Nanoparticles 

Introduction 

Alzheimer’s  disease  (AD)  is  a  progressive  neurodegenera¬ 
tive  disease  that  significantly  impairs  memory  and  cognitive 
function  and  affects  close  to  35  million  people  worldwide.1-2 
Pathological  hallmarks  of  AD  include  the  presence  of  amyloid 
plaque  deposits  and  neurofibrillary  tangles  in  the  affected 
brain  tissue.3  The  continued  formation  of  amyloid-p  (AP140 
and  AP142)  species  by  successive  cleavage  of  the  amy¬ 
loid  precursor  protein  (APP)  by  p-secretase  ( BACE1 )  and 
y-secretase  leads  to  the  formation  of  toxic  amyloid  plaques 
in  the  extracellular  space.4  While  BACE1  knockout  mice 
failed  to  generate  amyloid-p,  significant  behavioral  deficits 
were  observed.5-6  Additional  genetic  studies  have  shown  that 
moderate  reductions  in  BACE1  and  y-secretase  can  effec¬ 
tively  reduce  amyloidosis.7  However,  clinical  trials  involving 
using  BACE1  and  y-secretase  inhibitors  to  attenuate  amy¬ 
loidosis  have  been  halted  recently,  due  to  toxicities  and  off- 
targeting  effects.8-9  Thus,  there  is  an  urgent  need  to  develop 
new  methods  to  specifically  modulate  these  targets  of  inter¬ 
est,  as  we  are  faced  with  a  burgeoning  aging  population. 

RNA  interference  (FtNAi)  therapeutics  have  been  actively 
pursued  for  selective  gene  knockdown  and  currently  tested 
in  several  clinical  trials.10  FtNAi  offers  promise  to  selectively 
knockdown  the  key  players  implicated  in  the  AD  pathway. 

To  fully  realize  the  potential  of  RNA  therapeutics,  including 
short  interfering  RNAs  (siRNAs),  effective  cationic  carriers 


can  be  tailored  to  package  these  siRNAs  into  nanoparticles 
or  complexes,  which  serve  to  protect  the  RNA  therapeutics 
and  facilitate  the  delivery  and  uptake  of  the  nanoparticles  into 
target  cells.  This  siRNA  delivery  strategy  has  been  particu¬ 
larly  successful  through  intravascular  administration,  lead¬ 
ing  to  liver-targeted  delivery  and  cancer-targeted  delivery 
where  the  enhanced  permeation  and  retention  effect  can  be 
exploited  as  a  means  of  selective  delivery.11-12  A  recent  study 
showed  the  use  of  a  gold  nanoparticle  platform  to  deliver 
siRNA  to  target  the  antiapototic  pathway  in  glioblastoma  mul¬ 
tiforme  (GBM)  in  vivo  mouse  models.13  Significant  progress 
has  been  made  to  reduce  the  immunogenicity  of  viral  carri¬ 
ers  for  the  purposes  of  gene  therapy  in  the  central  nervous 
system  (CNS).14  Here,  we  focus  on  delivering  siRNA  using 
a  nonviral  delivery  strategy  so  as  to  mitigate  the  safety  con¬ 
cerns  associated  with  viral  vectors.  Nonviral  carriers  have 
been  shown  to  have  a  good  safety  profile  and  have  been 
employed  for  delivery  of  siRNA  in  humans.11-15  More  recently 
antisense  therapy,  and  the  development  of  single  stranded 
optimized  siRNA  sequences,  has  emerged  as  an  alternative 
method  that  was  shown  to  knockdown  proteins  implicated  in 
the  CNS  of  Huntington’s  disease  (HD)  and  Tau  proteins  in 
mouse  models.16-17  These  RNA  sequences  will  require  the 
same  packaging  vehicles. 

Linear  polyethylenimine  (LPEI)  has  been  demonstrated 
to  be  a  versatile  carrier  for  gene  therapy  applications.18-19 
Studies  have  highlighted  the  ability  of  LPEI-based  carriers 
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to  complex  with  DNA  and  RNA,  forming  complexes  with  an 
average  diameter  in  tens  to  a  couple  of  hundreds  of  nano¬ 
meters,  to  deliver  targets  of  interest  in  vitro  and  in  vivo  to 
modulate  gene  expression.19’20  Nanoparticles  prepared  with 
LPEI  and  plasmid  DNA  have  successfully  mediated  gene 
expression  in  the  mouse  CNS.21  In  this  study,  we  demon¬ 
strate  specific  gene  knockdown  in  mouse  neuroblastoma 
N2a  cells  using  LPEI  with  an  average  molecular  weight  (MW) 
of  1 7  kDa  (LPEI17k)  to  encapsulate  siRNA  targeting  BACE1  or 
APP. To  improve  biocompatibility  of  LPEI,  we  grafted  polyeth¬ 
ylene  glycol  (PEG,  Mn  =  10  kDa)  to  LPEI17k  at  different  grafting 
densities,  and  developed  a  method  to  package  siRNA  into 
micellar  nanoparticles  with  different  shapes  including  worm¬ 
like,  rod-like,  and  spherical  nanoparticles.  Here,  we  describe 
methods  for  varying  the  shapes  of  these  nanoparticles  by 
varying  the  structural  parameters  of  the  carriers  and  assem¬ 
bly  condition  between  the  copolymer  carrier  and  siRNA,  and 
then  compare  the  in  vivo  efficacy  and  safety  of  these  shaped 
nanoparticles  in  terms  of  targeting  BACE1  in  the  CNS  of 
mice. 

Results 

To  improve  the  biocompatibility  of  LPEI/siRNA  nanoparticles, 
we  grafted  PEG10k  on  to  LPEI17k  with  varying  grafting  degrees. 
In  most  of  the  reported  work,  higher  N/P  ratios  (/'.e.,  molar  ratio 
of  amines  in  the  LPEI  to  phosphate  groups  in  the  siRNA)  have 
been  used  to  maximize  siRNA  packaging  and  transfection.22 
We  chose  to  prepare  siRNA  nanoparticles  with  LPEI17K  at  a 
relatively  lower  N/P  ratio  of  5,  so  as  to  limit  cytotoxic  effects 
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in  both  in  vitro  and  in  vivo  contexts.23  Under  these  conditions, 
siRNA  can  be  effectively  condensed.  Using  transmission  elec¬ 
tron  microscopy  (TEM),  we  observed  that  nanoparticles  made 
with  LPEI-g-PEG  at  increasing  PEG  grafting  density  of  0.6, 
0.8,  or  1 .2%  displayed  a  propensity  to  form  respectively  worm¬ 
like,  rod-like,  or  spherical  shaped  nanoparticles(Figure  la-c). 
To  prevent  relaxation  of  the  complexes  and  release  of  siRNA 
from  micelles  in  physiological  media  prematurely,  and  improve 
delivery  efficiency  of  their  payload  to  the  cytoplasm  of  target 
cells,  we  adopted  a  disulfide  crosslinking  strategy.2425  These 
stabilized  micellar  nanoparticles  showed  high  colloidal  stabil¬ 
ity  in  150  mmol/l  NaCI  solution,  with  no  appreciable  increase 
in  size  after  incubation  for  4  hours  at  room  temperature 
(Figure  Id).  In  contrast,  LPEI17k/siRNA  particles  exhib¬ 
ited  slightly  larger  size  than  LPEI-g-PEG/siRNA  micelles, 
but  were  prone  to  significant  aggregation  in  150  mmol/l  of 
NaCI  (Figure  Id).  Similarly,  the  crosslinked  LPEI17K/siRNA 
nanoparticles  also  showed  severe  aggregation  in  NaCI 
solution  (Supplementary  Figure  SI).  Our  findings  suggest 
that  the  condensation  facilitated  by  the  PEG  grafts  on  the 
LPEI  backbone  is  essential  for  the  stabilization  of  siRNA- 
loaded  nanoparticles,  an  important  factor  that  may  impact  on 
in  vivo  delivery  of  the  siRNA  payload. 

It  is  interesting  to  note  that  the  shape  of  the  nanoparticles 
is  also  dependent  on  the  ratio  of  copolymer  to  siRNA  in  the 
preparation,  effectively  measured  by  the  N/P  ratio.  Using 
LPEI17k-g-0.6%-PEG10k  as  an  example,  we  observed  that 
minor  deviations  in  N/P  ratio  from  3  to  6  significantly  influ¬ 
enced  the  shape  of  complex  nanoparticles.  TEM  imaging  for 
all  particles  that  were  stabilized  with  disulfide  crosslinking 

b 


Figure  1  Tuning  the  shape  of  LPEI-g-PEG/siRNA  micellar  nanoparticles  by  varying  PEG  grafting  degree,  (a)  LPEI17k-g,-0.6%PEGlok/ 
siRNA  nanoparticles  (N/P  =  5)  showing  worm-like  morphology,  (b)  LPEI17k-g-0.8%PEGlok/siRNA  nanoparticles  (N/P  =  5)  showing  rod-like 
morphology,  (c)  LPEI17k-g-1 ,2%PEG10k/siRNA  nanoparticles  (N/P  =  5)  showing  spherical  morphology.  All  scale  bars  =  200 nm.  (d)  Particle  size 
measured  by  dynamic  light  scattering  in  water  and  1 50  mmol/l  NaCI  after  incubation  at  room  temperature  for  4  hours  (n  >  3,  mean  ±  SD).  The 
LPEI17k/siRNA  nanoparticles  without  PEG  grafts  (0%)  were  prepared  at  an  N/P  ratio  of  10  without  crosslinking. 
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confirmed  that  as  the  N/P  ratio  increased  from  3  to  6,  the 
nanoparticles  transitioned  from  a  worm-like  morphology  at 
N/P  ratio  of  3  to  a  rod-like  morphology  at  N/P  ratio  of  6  (Sup¬ 
plementary  Figure  S2).  Both  the  PEG  grafting  degree  and 
ratio  of  LPEI  to  siRNA  can  be  varied  to  effectively  control  the 
shape  of  siRNA-loaded  micellar  nanoparticles. 

Before  assessing  the  effect  of  nanoparticle  shape  on  deliv¬ 
ery  of  siRNA  to  knockdown  targets  of  interest  in  the  CNS,  we 
screened  for  the  appropriate  siRNA  sequences  and  evalu¬ 
ated  the  ability  of  our  siRNA-loaded  nanoparticles  to  knock¬ 
down  BACE1  and  APP  in  a  cell  culture  model,  namely,  N2a 
cells  which  endogenously  express  both  genes.26  We  first 
verified  that  LPEI17k  complexed  with  siRNA  against  either 
BACE1  or  APP,  formed  nanoparticles  with  an  average  diam¬ 
eter  of  below  lOOnm  (Supplementary  Figure  S3).  These 
nanoparticles  showed  successful  delivery  of  siRNA  to  the 
cytoplasm  in  N2a  cells  (Figure  2d).  After  screening  multiple 
siRNAs  targeting  either  BACE1  or  APP  by  transfection  of 
N2a  cells  (data  not  shown),  we  selected  two  top  candidates, 


BACE33  and  APP35,  for  further  evaluation.  Protein  blot 
analysis  revealed  that  while  naked  siRNAs  were  unable  to 
alter  the  protein  levels  of  their  targets,  LPEI17k/siRNA  com¬ 
plexes  encapsulating  BACE33  or  APP35  reduced  the  level  of 
BACE1  or  APP,  respectively,  by  63.3  ±25.4%  or  75.6  ±10.2% 
of  nontransfected  control  (Figure  2a-c).  Note  that  the  knock¬ 
down  of  BACE1  by  BACE33  did  not  alter  the  level  of  APP, 
and  neither  did  the  knockdown  of  APP  by  APP35  affect 
the  level  of  BACE1.  Moreover,  transfections  performed  with 
LPEI17K/siRNA  nanoparticles  at  a  dose  of  5  pg  of  siRNA  did 
not  elicit  cytotoxicity  as  judged  by  the  viability  of  transfected 
cells  (Figure  2e).  Empirically,  we  determined  that  an  optimal 
dose  for  knockdown  of  BACE1  is  between  3  to  5  pg  of  siRNA 
(Figure  2f). 

Next  we  assessed  the  effect  of  nanoparticle  shape  on  the 
delivery  of  siRNAs  to  cells  of  the  CNS  globally.  We  performed 
intraventricular  infusions  of  LPEI/siRNA  nanoparticles  and 
shaped  micellar  nanoparticles  in  awake  and  freely  mov¬ 
ing  mice  (Figure  3a),  a  delivery  approach  thought  capable 


Figure  2  In  vitro  knockdown  efficiency  of  LPEI17/siRNA  nanoparticles  in  N2a  cells,  (a)  Protein  blot  analysis  of  BAC El  and  APP  levels 
after  N2a  cells  were  transfected  with  nanoparticles  prepared  with  sequences  BACE33  and  APP35,  respectively,  or  with  Lipofectamine 
(positive  control)  and  naked  sequences  (negative  control).  Lipofect:  Lipofectamine.  (b,c)  Quantification  of  protein  blot  analysis  of  (b)  BACE1 
and  (c)  APP  protein  levels  as  compared  to  nontransfected  N2a  cells  ( n  =  4,  mean  ±  SEM,  analysis  of  variance  (ANOVA),  F  =  19.75, 
P<  0.0001).  All  in  vitro  studies  were  performed  at  an  N/P  ratio  of  10.  (d)  Microscopic  analysis  of  the  in  vitro  cell  culture  model  confirmed  that 
fluorescently  labeled  siRNA  (red)  was  delivered  to  the  cytoplasm  of  cells  using  LPEI17K  (nuclei-DAPI)  We  noted  the  classical  pattern  of  siRNA 
accumulation  in  the  cell  around  the  nucleus  (stained  blue),  (e)  MTT  assay  analysis  confirms  that  over  the  transfection  period  of  24  hours,  the 
various  formulations  built  on  the  LPEI17k  platform  were  not  toxic  (n  =  5,  mean  ±  SEM,  ANOVA,  n.s.,  not  significant),  (f)  Transfection  studies 
in  N2a  cells  with  varying  amounts  of  siRNA  delivered  in  the  form  of  nanoparticles  with  the  LPEI17k.  The  first  three  lanes  are  a  dilution  series 
of  protein  lysates  from  untransfected  cells. 
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Figure  3  Schematic  showing  the  infusion  setup  and  immunohistochemical  (IHC)  analysis  for  astrocytic  and  microglial  activation  in 
the  mouse  hippocampus  infused  with  micellar  nanoparticles,  (a)  Infusion  setup  allowing  for  continuous  infusion  into  the  lateral  ventricle 
of  the  brain  of  a  mouse.  The  tube  from  the  cannula  was  connected  to  a  slow  infusion  pump.  The  animals  were  awake,  freely  moving,  and  had 
free  access  to  food  pellets  and  water,  (b)  Schematic  of  infusion  regimen.  All  infusions  were  performed  at  0.1  pl/minute.  (c,d)  IHC  staining  of 
tissue  sections  of  the  right  (ipsilateral)  hippocampus  showing  no  significant  difference  in  local  recruitment  of  GFAP+  astrocytes  to  vehicle 
(c)  and  siRNA/LPEI17k-g,-0.8%PEG10k  nanoparticles  (d)  after  the  7-day  infusion  protocol.  (e,f)  Similarly,  no  significant  difference  in  microglial 
cell  (lba-1  +)  activation  following  the  7-day  infusion  protocol  for  vehicle  (e)  and  siRNA/LPEI17k-c/-0.8%PEG1ok  nanoparticles  (f).  Images  of  other 
sections  are  in  Supplementary  Figure  S7.  Scale  bar  =  200  pm.  Inset  scale  bar  =  20  pm. 


of  achieving  global  distribution  of  payload  in  the  brain.17'27 
Mice  were  initially  infused  with  up  to  64  pg  of  siRNA  in  the 
right  lateral  ventricle  (referred  as  the  ipsilateral  side)  over 
a  7-day  period  (Figure  3b).  Unfortunately,  such  effort  of 
using  our  optimized  formulations  from  the  in  vitro  studies  did 
not  lead  to  reduction  in  levels  of  BACE1  (Supplementary 
Figure  S4).  Initial  in  vivo  pilot  studies  were  performed  with 
LPEI/siRNA  nanoparticles  at  N/P  ratios  of  10  and  20,  rea¬ 
soning  that  the  knockdown  efficiency  would  be  higher  for 
higher  N/P  ratios.  Consistent  with  other  studies,28  we  noticed 
significant  toxicity  leading  to  a  high  fatality  rate  in  the  experi¬ 
mental  group,  where  nanoparticles  with  an  N/P  ratio  of  20 
exhibited  a  higher  level  of  toxicity  than  that  with  an  N/P  ratio 
of  10.  We  therefore  used  a  low  N/P  ratio  of  5  so  as  to  mini¬ 
mize  the  amount  of  LPEI  in  nanoparticles  to  mitigate  toxicity 
effects  in  the  CNS  and  focused  on  evaluating  the  efficiency 
of  LPEI17K-gf-PEG10k/siRNA  micellar  nanoparticles  stabilized 
with  disulfide  crosslinking,  hypothesizing  that  PEG  corona  on 
micellar  nanoparticles  could  reduce  toxicity  while  providing  a 
better  opportunity  for  siRNA  delivery  due  to  higher  colloidal 
and  complex  stability.  For  all  of  the  LPEI17k-g-PEG10k/siRNA 
nanoparticles  in  N2a  cells,  the  viability  was  greater  than  95% 
when  compared  with  the  untransfected  control  (Figure  2e). 
However,  these  LPEI17k-c/-PEG10k/siRNA  micellar  nanopar¬ 
ticles  showed  minimal  transfection  and  knockdown  efficiency 
in  vitro.  Given  that  the  in  vitro  results  do  not  typically  match 
the  in  vivo  transfection  efficiency  for  PEGylated  carriers, 20,29 


we  continued  with  assessing  the  in  vivo  delivery  efficiency 
of  these  micellar  nanoparticles  with  spherical,  rod-like  and 
worm-like  shapes  to  the  CNS. 

To  determine  whether  nanoparticles  can  be  transported 
into  the  brain  parenchyma,  we  followed  the  fate  of  fluores- 
cently  labeled  siRNA  encapsulated  in  nanoparticles,  in  the 
brain  of  mice,  following  an  intraventricular  infusion  for  two 
days.  To  facilitate  identification  of  neurons  in  the  brain,  we 
used  mice  genetically  encoded  with  GFP  in  which  neurons 
are  sparsely  marked  by  GFP  in  the  cytoplasm.30  Proximal  to 
the  lateral  ventricle,  we  observed  a  gradient  of  fluorescently 
labeled  siRNA  emanating  from  the  infusion  site  toward  the 
brain  parenchyma  (Supplementary  Figure  S5).  The  accu¬ 
mulation  pattern  of  the  siRNA  strongly  suggests  that  these 
nanoparticles  were  able  to  gain  access  to  the  cytoplasm  of 
cells  in  the  brain  parenchyma. 

To  assess  potential  untoward  side  effects  of  nanopar¬ 
ticles  infused  into  brains  of  mice  up  to  one  week,  we  exam¬ 
ined  glial  cells,  which  are  normally  activated  and  migrate 
to  the  site  of  injury  in  the  brain.31  Since  cannulation  of  the 
right  lateral  ventricle  would  lead  to  the  injury  of  tissue  in  the 
immediate  vicinity,  we  first  confirmed  that  similar  activation 
of  glial  cells  at  the  injury  site  occurred  for  animals  infused 
with  vehicle  (5%  glucose  solution)  or  those  with  nanoparti¬ 
cles  (Supplementary  Figure  S6).  Note  that  in  regions  away 
from  the  site  of  injury,  a  decrease  in  glial  cell  activation  was 
observed  (Supplementary  Figure  S6a-f).  No  significant 
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Figure  4  In  vivo  BACE1  knockdown  in  the  cortex  and  hippocampi  of  mice  infused  with  worm-like,  rod-like,  and  spherical  micellar 
nanoparticles.  All  infusions  were  performed  in  the  right  (ipsilateral)  lateral  ventricle  at  a  dose  of  1 6  pg  of  siRNA/day  with  the  same  dosing 
regimen  for  all  nanoparticles  as  show  in  Figure  3b  (n  =  4  for  infusion  of  worm-like,  rod-iike,  and  spherically  shaped  nanoparticles,  scrambled 
and  naked  siRNA  infusion  studies  were  performed  in  duplicate).  (a,b)  Protein  blot  analysis  of  BACE1  levels  in  the  cortex  (a)  and  hippocampus 
(b),  in  both  the  right  (ipsilateral)  and  left  (contralateral)  hemispheres  after  delivery  of  sequence  BACE33  using  worm-like  (W),  spherical 
(S),  and  rod-like  (R)  nanoparticles.  KO,  BACE  knockout;  Co,  vehicle  infusion;  Sc,  Scrambled  siRNA  complexed  with  LPEI17k-gf-0.8%PEG10k; 
N,  naked  siRNA  sequence  BACE33.  (c-f)  Quantification  of  BACE1  levels  from  protein  blot  analysis  in  the  (c)  ipsilateral  cortex 
(mean  ±  SEM,  analysis  of  variance  (ANOVA),  F=  9.133,  P<  0.05,  Tukey’s  multiple  comparisons  test),  (d)  contralateral  cortex  (mean  ±  SEM, 
ANOVA,  F=  17.91,  P  <  0.0001,  Tukey’s  multiple  comparisons  test),  (e)  ipsilateral  hippocampus  (mean  ±  SEM,  ANOVA,  F=  13.45, 
P<  0.0001 ,  Tukey’s  multiple  comparisons  test),  and  (f)  contralateral  hippocampus  (mean  ±  SEM,  ANOVA,  F=  14.04,  P<  0.0001 ,  Tukey’s 
multiple  comparisons  test). 


difference  in  glial  cell  activation  was  seen  in  the  contralateral 
side  of  brains  between  both  sets  of  mice  (data  not  shown). 
While  these  results  confirmed  that  LPEI17k-gf-PEG10k/siRNA 
nanoparticles  did  not  elicit  an  untoward  response  over  a 
2-day  period,  we  also  examined  any  potential  impact  for  mice 
infused  for  at  least  7  days.  Using  markers  of  astrocytic  and 
microglial  activation,  we  did  not  observe  any  difference  in 
activation  of  both  cell  types  in  the  ipsilateral  hippocampus  of 
mice  infused  with  rod  shaped  nanoparticles  as  compared  to 
control  (Figure  3c-f).  Likewise,  no  difference  was  observed 
for  other  types  of  shaped  nanoparticles  either  (Supplemen¬ 
tary  Figure  S7).  Taken  together  with  the  observation  that 
microglial  and  astrocytic  cells  continued  to  maintain  their 


normal  morphology,  our  findings  suggest  that  these  micel¬ 
lar  nanoparticles  do  not  induce  significant  inflammation  and 
cytotoxicity  in  the  brain  when  infused  for  over  1  week. 

Interestingly,  while  worm-like  and  spherical  nanoparticles 
did  not  alter  BACE1  levels,  infusion  of  rod-shaped  nanopar¬ 
ticles  into  the  lateral  ventricle  led  to  the  knockdown  of  BACE1 
by  36.8  ±4.8%  and  42.8  ±2.9%  within  the  ipsilateral  and  con¬ 
tralateral  side  of  the  cortex,  respectively,  as  compared  to 
the  vehicle  infused  control  (Figure  4a,c,d).  In  the  ipsilateral 
hippocampus,  spherical,  rod-like,  and  worm-like  nanopar¬ 
ticles  reduced  BACE1  levels  by  24.1  ±4.1%,  38.2±3.4%, 
and  33.3 ±6.7%,  respectively  (Figure  4b,e,f).  In  the  contra¬ 
lateral  hippocampus,  the  corresponding  BACE1  knockdown 
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efficiencies  were  28.9  ±4.1%,  35.6  ±5.9%,  and  24.2  ±4.5%, 
respectively,  for  spherical,  rod-like,  and  worm-like  nanopar¬ 
ticles.  Together,  these  findings  suggest  that  the  shape  of 
nanoparticles  appears  to  influence  their  efficiency  for  deliv¬ 
ery  to  cells  in  the  CNS,  and  the  rod-like  particles  are  most 
efficient  among  this  series.  To  further  evaluate  how  extensive 
these  nanoparticles  could  distribute  throughout  the  CNS,  we 
examined  their  ability  to  knockdown  BACE1  in  the  brainstem 
and  spinal  cord,  regions  that  are  farther  away  from  the  site  of 
infusion.  We  too  observed  that  our  nanoparticles  were  able 
to  significantly  reduce  levels  of  BACE1  in  the  brainstem  and 
spinal  cord  of  mice  (Supplementary  Figure  S8).  Our  find¬ 
ings  thus  establish  that  efficient  siRNA  delivery  to  the  CNS 
can  be  achieved  by  shaped  micellar  nanoparticles  based  on 
the  LPEI17k-gr-PEG10k/siRNA  nanoparticle  platform. 


Discussion 

Despite  the  enormous  therapeutic  potential  of  siRNAs  for 
treating  neurological  diseases,  delivery  of  these  molecules, 
either  through  local  or  systemic  administration,  remains  a 
great  challenge.10  Tremendous  progress  has  been  made 
towards  developing  suitable  carriers  for  siRNA  as  therapeu¬ 
tics  which  in  the  form  of  nanoparticles  have  reached  clini¬ 
cal  trials.12  Besides  particle  surface  properties,  and  charge 
density,  nanoparticle  shape  has  been  shown  to  be  key 
parameter  towards  improving  the  delivery  efficiency.32  Stud¬ 
ies  have  shown  how  different  shapes  utilize  differing  mech¬ 
anisms  to  gain  entry  into  cells.3334  While  exciting  progress 
has  been  made  in  terms  of  manipulating  RNA  sequences 
into  a  variety  of  geometries,  shape  control  of  the  RNA 
species  encapsulated  within  nanoparticles  has  been  inac¬ 
cessible.35-37  A  recent  study  showed  that  rod  shaped  par¬ 
ticles  accumulated  to  a  greater  extent  in  the  lung  and  brain 
vasculature  when  infused  intravenously  as  compared  to 
spherically  shaped  particles.38 

Our  recent  work  showing  that  the  shape  of  DNA-encapsu- 
lated  nanoparticles  is  an  important  factor  to  influence  trans¬ 
fection  efficiency  in  a  rat  liver  model  supports  the  notion  that 
the  shape  of  nanoparticles  could  be  an  important  determinant 
for  their  payload  delivery  efficiency.39  Pioneering  work  involv¬ 
ing  the  use  of  DNA  as  building  blocks  have  been  extended 
to  RNA  and  more  recently  to  long  RNAi  (microsponges)  that 
were  developed  in  an  effort  to  overcome  challenges  of  pack¬ 
aging  short  pieces  of  siRNA.3540  These  RNA  species  when 
encapsulated  by  a  polycationic  carrier  typically  form  spheri¬ 
cal  particles.  While  shape  control  using  RNA  as  a  structural 
building  block  has  been  achieved,37  the  control  of  nanopar¬ 
ticle  shape  with  RNA  as  the  functional  payload  has  not  been 
demonstrated.  Our  finding  on  the  ability  to  control  siRNA 
nanoparticle  shape  using  LPEI-g-PEG  copolymer  carriers 
establishes  the  first  evidence  that  the  shape  of  polycation/ 
siRNA  micellar  nanoparticles  can  be  varied  in  a  systematic 
fashion.  This  study  confirmed  that  increasing  the  PEG  graft¬ 
ing  density  leads  to  more  condensed  spherical  morphology, 
whereas  lower  grafting  density  yields  rod-  and  worm-like 
micelles.  This  observation  can  be  explained  using  the  tradi¬ 
tional  micelle  packing  models  for  amphiphilic  diblock  copoly¬ 
mer  micelles  assembled  in  aqueous  media.41  Assuming  that 


the  degrees  of  condensation  between  the  LPEI  backbone 
and  siRNA  are  similar  for  graft  copolymers  with  different 
PEG  grafting  densities  under  the  same  N/P  ratio,  since  the 
grafting  densities  are  relatively  low  (<  2%),  condensation  of 
siRNA  with  copolymers  having  a  higher  PEG  grafting  density 
generates  micellar  nanoparticles  with  a  higher  PEG  surface 
density,  thus  favoring  the  formation  of  spherical  micelles. This 
is  analogous  to  micelle  assembly,  where  the  shape  control 
is  governed  by  the  volume  ratio  of  the  hydrophilic  (corona) 
to  hydrophobic  (core)  blocks — higher  ratio  favors  spherical 
micelle  formation  and  lower  ratio  yields  worm-like  micelles.41 
The  trend  observed  by  varying  N/P  ratio  is  also  consistent 
with  this  interpretation:  a  higher  N/P  ratio  leads  to  higher 
PEG  density  on  micelle  surface,  favoring  spherical  micelle 
formation,  although  it  is  surprising  that  such  a  small  range  of 
N/P  ratio  variation  from  3  to  6  can  lead  to  significant  shape 
variation. 

Using  this  method,  we  were  able  to  generate  nanopar¬ 
ticles  with  relatively  low  N/P  ratios  compared  with  higher 
amount  of  transfection  agents  used  in  nanoparticle  formula¬ 
tions.22  This  is  advantageous  in  terms  of  better  biocompat¬ 
ibility  and  lower  cytotoxicity  of  the  nanoparticles  prepared  for 
transfection  applications.23  Our  overall  strategy  also  relies  on 
stabilization  of  the  shaped  nanoparticles  using  a  reversible 
disulfide  crosslinking  scheme  that  has  been  widely  adopted 
by  other  DNA  and  siRNA  delivery  platforms.24  This  method 
ensures  that  the  prepared  nanoparticles  will  maintain  their 
size  and  shape  in  serum  containing  medium,  important  to 
in  vivo  administration.  The  availability  of  a  panel  of  shape- 
controlled  nanoparticles  will  enable  future  studies  to  explore 
shape-dependent  transport  in  vivo.  This  method  relying  on 
the  control  of  copolymer  structure  and  concentrations  of  the 
copolymer  and  siRNA  solutions  is  thus  straightforward  to 
scale  up  for  production. 

Previous  studies  have  highlighted  challenges  involved  in 
designing  a  suitable  method  to  target  the  key  enzymes  involved 
in  the  APP  pathway.4243  Since  mechanism-based  toxicities 
are  associated  with  inhibition  of  y-secretase,44  we  focused 
on  developing  a  suitable  delivery  vehicle  for  siRNA  targeting 
BACE1  and  APP.  Previously,  we  and  others  employed  RNAi 
strategies  delivered  by  viral  vectors  to  reduce  levels  of  BACE1, 
which  emerged  as  a  powerful  tool  to  deliver  short  hairpin  RNA 
to  decrease  protein  levels.4546  The  nonviral  siRNA  delivery 
approaches  can  potentially  mitigate  putative  safety  concerns 
associated  with  viral  vectors,  such  as  insertional  mutagenesis 
and  the  risk  of  inflammation.47  One  recent  report  showed  a 
nanoparticle  delivery  system  using  exosomes,  with  rabies  virus 
glycoprotein  (RVG)  as  a  targeting  ligand,  can  reduce  the  level 
of  BACE1  when  delivered  to  the  brain.48  Our  study  here  con¬ 
firms  that  the  series  of  shape-controlled  micellar  nanoparticles 
are  nontoxic  to  brain  tissue  as  judged  by  the  lack  of  astrocytic 
or  glial  cell  activation  in  response  to  nanoparticle  infusion  over 
a  7-day  period.  After  validating  in  an  N2a  cell  culture  model, 
the  ability  of  nanoparticles  to  deliver  siRNA  to  modify  levels  of 
BACE1  and  APP,  two  different  proteins  in  the  APP  process¬ 
ing  pathway  of  AD,  we  evaluated  their  efficacy  in  the  CNS  of 
mice  by  targeting  BACE1.  Since  AD  is  a  neurodegenerative 
disorder  that  globally  affects  the  brain,  we  focused  on  ensur¬ 
ing  that  the  nanoparticles  were  distributed  throughout  the  brain 
as  opposed  to  a  local  infusion  close  to  the  site  of  interest.  In 
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contrast  to  several  studies  focused  on  inducing  RNAi  in  the 
CNS  of  mice,4950  our  discovery  of  shaped  nanoparticles  pro¬ 
vides  the  opportunity  to  evaluate  whether  shape  of  nanopar¬ 
ticles  is  a  major  determinant  for  efficient  delivery  of  siRNA 
throughout  the  CNS.  Our  proof  of  principle  study  establishes 
that  rod-liked  nanoparticles  exhibited  higher  efficiency  in  reduc¬ 
ing  BACE1  levels  in  the  ipsilateral  and  contralateral  side  of  the 
brain.  Interestingly,  the  reduction  in  BACE1  levels  observed  in 
the  hippocampus  was  not  significantly  different  among  various 
shaped  nanoparticles.  This  could  be  attributed  to  the  proxim¬ 
ity  of  the  hippocampus  to  the  lateral  ventricles,  which  mimics 
a  local  infusion  process.  Previous  work  using  mouse  models 
of  AD  has  supported  the  notion  that  moderate  reductions  in 
BACE1  would  prevent  potential  mechanism-based  toxicity 
while  providing  beneficial  effects  in  the  brain.7  The  modest 
reduction  of  BACE1  afforded  by  our  nanoparticle  delivery  sys¬ 
tem  in  the  CNS  (35-45%)  would  be  amenable  for  design  of 
a  safe  and  effective  therapeutic  strategy  to  target  BACE1  for 
AD.  Additional  carrier  optimization  may  facilitate  the  duration  of 
gene  knockdown,  a  strategy  that  should  be  considered  in  future 
design  of  nanoparticle  based  therapies.  Moreover,  our  findings 
of  knockdown  in  the  brain  stem  and  spinal  cord,  regions  that  are 
farther  away  from  the  infusion  site,  further  support  the  notion 
that  these  shaped  nanoparticles  achieved  broad  distribution 
and  delivery  of  siRNAs  in  the  CNS.  Although  we  did  not  see 
significant  knockdown  in  the  thoracic  spinal  cord,  future  studies 
using  intrathecal  infusion  of  these  nanoparticles  may  clarify  dif¬ 
ferences  in  the  efficiency  of  knockdown  in  the  spinal  cord  with 
this  nanoparticle  system.  Further  exploration  of  attributes  of  the 
rod-shaped  particles  that  promote  greater  efficacy  should  allow 
us  to  design  more  suitable  carriers  to  enhance  CNS  delivery. 

Although  we  have  shown  here  that  rod-shaped  particles 
work  best  in  this  animal  model  following  intraventricular  deliv¬ 
ery,  it  remains  to  be  demonstrated  as  to  whether  the  worm¬ 
like  and  spherical  nanoparticles,  at  varying  N/P  ratios,  would 
be  more  suitable  for  other  tissue  targets  or  when  adminis¬ 
tered  through  a  different  delivery  route.  While  this  study 
does  not  address  the  potential  of  this  micellar  nanoparticle 
system  for  systemic  delivery  and  crossing  the  blood-brain 
barrier,  worm-like  micellar  nanoparticles  with  longer  circula¬ 
tion  dynamics  in  rodent  models  provide  the  motivation  for 
future  investigation  for  intravenous  delivery.39'5152  Decorating 
nanoparticles  with  targeting  ligands  of  the  insulin  or  trans¬ 
ferrin  receptor  or  cell  penetrating  peptides  have  been  estab¬ 
lished  as  promising  approaches  to  improve  delivery  of  cargo 
to  cells  of  interest.5354  Exploiting  these  approaches  coupled 
with  shape-controlled  siRNA  nanoparticles  will  lead  to  fur¬ 
ther  development  of  an  improved  set  of  carriers.  As  siRNA 
and  antisense  therapeutic  strategies  continue  to  mature  and 
move  into  clinical  trials  using  highly  optimized  sequences, 
these  shape-controlled  nanoparticles  and  their  unique  prop¬ 
erties  may  provide  new  opportunities  to  optimize  RNA  thera¬ 
peutic  delivery  for  a  variety  of  disease  targets. 

In  conclusion,  we  have  shown  here  that  micellar  nanopar¬ 
ticles  with  worm-  and  rod-like,  and  spherical  shapes  can 
be  prepared  by  self-assembly  of  the  complexes  between 
siRNA  and  LPEI-g-PEG  copolymer  carriers.  The  PEG 
corona  and  reversibly  crosslinked  core  of  the  micelles  enable 
these  nanoparticles  to  be  stable  under  physiological  condi¬ 
tions.  Interestingly,  these  micellar  nanoparticles  revealed 


differences  in  knockdown  capability  following  infusion  into  the 
lateral  ventricles  in  mice  with  the  rod-like  micelles  showing 
the  most  effective  and  selective  knockdown  of  a  key  thera¬ 
peutic  target  in  AD.  Future  development  of  siRNA  delivery 
strategies  leveraging  shape  as  a  tunable  parameter  would 
broaden  the  toolkit  we  have  at  our  disposal  for  creating  a 
translatable  platform  for  RNAi  therapeutics. 

Materials  and  methods 

Synthesis  and  characterization  of  LPEi-g-PEG  copolymer. 
Linear  polyethyleneimine  (LPEI  HCI  salt,  Mn  of  LPEI  =  17kDa) 
was  a  gift  from  Polymer  Chemistry  Innovations  (Tucson,  AZ). 
N-Hydroxysuccinimidyl  ester  of  methoxy  polyethylene  glycol 
hexanoic  acid  (PEG-NHS,  Mn  =  10kDa)  was  purchased  from 
NOF  America  Corporation  (White  Plains,  NY).  The  LPEI-HCI 
(7.95  mg,  0.1  mmol  of  amine)  was  dissolved  in  1  ml  of  Dl  water. 
NaOH  solution  was  added  to  the  solution  drop-wise  to  raise  the 
pH  to  6.  Then  80 mg  of  PEG-NHS  (designed  grafting  degree 
of  PEG  per  amine  on  LPEI  =  8%)  was  added  to  the  solution 
and  the  reaction  mixture  was  vortexed.  After  incubation  over¬ 
night,  the  reaction  mixture  was  dialyzed  against  Dl  water  and 
lyophilized  to  yield  a  white  foam-like  solid  with  a  95%  yield. 
The  molecular  weight  of  the  graft  copolymer  was  character¬ 
ized  by  GPC  (gel  permeation  chromatography)  using  an  Agi¬ 
lent  1200  series  Isocratic  HPLC  System  equipped  with  TSKgel 
G3000PWxl-CP  column  and  TSKgel  G5000PWxl-CP  column 
(Tosoh  America,  Grove  City,  OH),  which  was  connected  with  a 
multi-angle  light  scattering  detector  (MiniDawn,  Wyatt  Technol¬ 
ogy,  Santa  Barbara,  CA).  The  LPEI17k-g-PEG10k  polymer  was 
obtained  with  a  PEG  grafting  degree  of  1.2%,  which  corre¬ 
sponds  to  an  average  of  4.6  PEG  grafts  per  LPEI  molecule.  For 
two  other  LPEI17k-g-PEG10k  copolymers  with  designed  grafting 
degree  of  4%  and  2%,  the  actual  PEG  grafting  degrees  were 
0.8  and  0.6%,  respectively. 

Particle  formulation.  LPEI17k-g-PEG10k  was  first  modified  with 
Trauts  reagent  (Sigma,  St.  Louis,  MO)  in  the  presence  of 
dithiothreitol  (DTT,  Thermo  Scientific,  Rockford,  IL).  Trauts 
reagent  was  dissolved  in  deionized  water  (cell  culture  grade, 
Corning,  Manassas,  VA)  to  a  concentration  2  mg/ml,  and  DTT 
was  dissolved  in  Dl  water  to  a  concentration  of  20 mg/ml.  An 
aliquot  of  9  pi  of  50  mmol/l  polymer  solution  was  mixed  with 
18.6  pi  of  Trauts  reagent  solution  and  13  pi  of  the  DTT  solu¬ 
tion,  and  then  59.4  pi  of  water  was  added  to  this  mixture, 
the  pH  adjusted  to  7.3.  At  the  end  of  this  2.5-hour  reaction, 
the  mixture  was  desalted  using  an  Amicon  centrifugal  filter 
(3  KDa  MWCO,  Sigma-Aldrich)  with  water  three  times  and 
reconstituted  to  a  volume  of  110  pi.  An  aliquot  of  10  pi  of 
DTT  solution  was  added  to  this  solution  and  the  pH  adjusted 
to  -1. 8-2.0.  On  the  other  hand,  9.8  pi  of  100  pmol/l  siRNA 
(equivalent  to  16  pg  of  siRNA)  solution  was  added  to  60  pi  of 
water,  and  mixed  with  60  pi  of  the  polymer  solution  and  vor¬ 
texed.  The  nanoparticle  solution  was  then  dialyzed  against 
water  overnight  to  remove  DTT  and  other  reagents.  Cross- 
linking  was  carried  out  for  48  hours  with  aerial  oxidation 
similar  to  our  previous  study.39  The  nanoparticle  solution  was 
then  dialyzed  for  24  hours  against  water  following  which  the 
samples  were  analyzed  by  dynamic  light  scattering  using  a 
Malvern  Zetasizer  Nano  ZS,  which  also  provided  information 
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about  zeta  potential,  followed  by  TEM  analysis  for  nanopar¬ 
ticle  shapes.  The  protocols  detailed  above  and  in  the  follow¬ 
ing  section  were  designed  to  yield  nanoparticles  with  an  N/P 
ratio  of  5.  The  volume  of  mixing  between  the  polymer  and 
siRNA  was  scaled  accordingly  to  achieve  additional  N/P 
ratios  ranging  from  3  to  6. 

Transmission  electron  microscopy.  An  aliquot  of  10  pi  of 
nanoparticle  solution  was  deposited  on  ionized  nickel  grid 
covered  by  carbon.  The  excess  liquid  on  the  grid  was  pipet¬ 
ted  out  after  7  min,  and  then  6  pi  of  2%  uranyl  acetate  solu¬ 
tion  was  deposited  on  the  grid  and  allowed  to  incubate  for 
30  seconds.  The  excess  liquid  was  once  again  pipetted  out 
and  the  grid  was  allowed  to  dry  at  room  temperature  prior  to 
being  examined.  The  samples  were  imaged  on  aTecnai  FEI- 
12  electron  microscope. 

Intraventricular  infusion  in  mice.  Following  anesthetization, 
the  hair  above  the  skull  of  C57BL/6J  mice  was  removed  to 
expose  the  scalp.  An  incision  was  made  along  the  midline  to 
expose  the  skull.  A  hole  was  drilled  through  the  skull,  above 
the  right  lateral  ventricle  (bregma-0.5 mm,  1.0mm  lateral). 
After  drilling,  bone  fragments  were  cleaned  away.  An  Alzet 
apparatus  (brain  infusion  kit#  3,  Cupertino,  CA)  was  used 
as  per  manufacturer’s  specifications  to  place  a  cannula  at  a 
depth  of  2.2  mm.  The  cannula  was  cemented  using  dental 
cement.  A  sufficiently  long  tube  (FEP-tubing,  SCIPRO,  San¬ 
born,  NY),  so  as  to  allow  free  head  and  neck  movement  of  the 
mice,  was  used  to  connect  the  end  of  the  cannula  above  the 
skull  to  a  slow  infusion  pump  (Stoelting,  Wood  Dale,  IL).The 
animal  was  then  placed  in  a  special  enclosure,  Raturn  Micro¬ 
dialysis  Stand-Alone  System  (with  free  access  to  food  and 
water)  where  the  tube  going  to  the  slow  infusion  pump  can  be 
secured  and  the  process  of  infusing  the  therapeutic  agent  was 
begun  (0.1  pl/minute  during  the  infusion  phase).  At  any  given 
point,  there  would  be  only  one  mouse  present  in  the  Raturn 
Microdialysis  Stand-Alone  System  undergoing  infusion  (BASi, 
West  Lafayette,  IN).  We  used  a  slow  infusion  pump  to  facilitate 
the  flexibility  of  having  a  system  that  would  be  able  to  deliver 
reagents  from  a  period  varying  from  2  to  7  days  with  the  abil¬ 
ity  to  stop  infusions  as  per  our  staggered  infusion  protocol 
(Supplementary  Figure  S7e).  Importantly,  it  allowed  us  to 
deliver  a  specific  volume  of  therapeutic  to  the  targeted  area 
in  the  brain  and  monitor  the  effect  in  the  live  animal,  which 
would  mimic  a  clinical  setting  where  the  therapeutic  can  be 
potentially  used.  The  right  and  left  hemisphere  were  referred 
to,  respectively,  as  the  ipsilateral  or  contralateral  side  of  the 
brain  with  reference  to  the  side  of  infusion.  All  animal  studies 
were  performed  in  compliance  with  the  Johns  Hopkins  Insti¬ 
tutional  Animal  Care  and  Use  Committee  approved  protocols. 

Immunohistochemical  analysis.  Mice  (controls  and  those 
undergoing  infusion)  were  perfused  with  cold  4%  paraformal¬ 
dehyde  in  phosphate-buffered  saline.  The  brains  were  har¬ 
vested  and  each  hemisphere  separated  following  which  they 
were  embedded  in  paraffin,  sectioned  sagitally,  and  processed 
for  immunohistochemical  analysis  using  the  peroxidase- 
antiperoxidase  method46  with  antibodies  specific  to  BACE1 
(1:500),  glial  fibrillary  acidic  protein  (GFAP,  1:500,  Dako  Cyto- 
mation,  Carpinteria,  CA),  and  lba-1  (1:500,  Wako  Chemicals, 


Richmond,  VA).  Secondary,  biotinylated,  goat-anti-rabbit  anti¬ 
bodies  were  purchased  from  Vectashield  (Burlingame,  CA). 
The  sections  were  counter-stained  with  hematoxylin. 

Western  blot  analysis.  Harvested  mouse  brains  (cortex, 
hippocampus,  and  brain  stem)  and  spinal  cords  (cervical, 
thoracic,  and  lumbar)  were  homogenized  with  radio-immu- 
noprecipitation  buffer  (Sigma)  in  the  presence  of  protease 
inhibitors  (Thermo  Scientific,  Rockford,  IL).  Following  the 
manufacturer  recommended  protocol,  lysates  were  centri¬ 
fuged  at  1 4,000  rpm  at  4  °C  for  20  minutes,  and  the  superna¬ 
tant  was  used  for  western  blotting.  The  lysates  were  run  on 
a  4-12%  bis-tris  gel  (Life  Technologies,  Grand  Island,  NY) 
and  then  transferred  on  to  a  polyvinylidene  difluoride  (PVDF) 
membrane.  For  western  blot  analysis,  the  membranes  were 
blocked  in  5%  milk  in  tris  buffered  saline-tween  20  -  (TBS-T) 
for  an  hour  and  then  probed  with  antibodies  specific  for 
BACE1  (1:2,500),  glyceraldehyde-3-phosphate  dehydroge¬ 
nase  (GAPDH)  (1:20,000,  Sigma),  APP-CTF  (1:8,000),  and 
Actin  (1:5,000,  Sigma).  Band  densitometry  analysis  was  per¬ 
formed  usinq  Imaqe  Studio  Lite  software  from  LI-COR  (Lin¬ 
coln,  NE). 

In  vitro  knockdown  and  cell  viability  studies.  The  siRNAs 
used  in  this  study  are  shown  in  Table  1 . 

Luciferase  Stealth  control  and  fluorescently  labeled 
(Alexa-555)  sequences  were  all  purchased  from  Life  Tech¬ 
nologies.  Lipofectamine2000  in  Opti-Mem  media  was  used 
for  transfection  as  per  manufacturer  recommendations  (Life 
Techonologies).  Transfection  experiments  were  performed 
in  a  six-well  plate  with  N2a  cells  maintained  in  1 0%  fetal  bovine 
serum  (FBS),  lx  Glutamax,  lx  MEM-NEAA,  lx  sodium  pyru¬ 
vate  and  antibiotic  free  conditions  (Life  Technologies).  Cells 
were  transfected  with  siRNA  packaged  in  nanoparticles  or 
Lipofectamine2000.  Cell  culture  medium  was  replaced  after 
16  hours  with  fresh  medium  and  the  cells  were  harvested  for 
further  analysis  after  24  hours.  For  harvesting  cells,  the  media 
was  first  aspirated  from  each  well.  Following  which,  each  well 
was  washed  twice  with  cold  (4  °C)  phosphate-buffered  saline. 
A  cell  scraper  was  used  to  collect  the  cells  from  each  well 
and  protein  extraction  was  performed  using  the  radio-immu- 
noprecipitation  buffer  following  a  similar  protocol  as  the  tissue 
protein  extraction.  The  prepared  lysates  were  further  probed 
for  protein  content  via  western  blot  analysis.  Cell  viability  was 
checked  via  an  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet- 
razolium  bromide  (MTT)  assay  based  on  the  manufacturer 


Table  1  siRNA  Sequences  targeting  BACE1  and  APP 


siRNA 

Sequences 

BACE33 

Sense-5'-GAGCCCUUCUUUGACUCCCUGGUGA; 

Antisense-5'-UCACCAGGGAGUCAAAGAAGGGCUC 

BACE23 

Sense-5'-GAGGGAGCAUGAUCAUUGGUGGUAU; 

Antisense-5'-AUACCACCAAUGAUCAUGCUCCCUC 

APP35 

Sense-5'-GCGGAUGGAUSUUUGUGAGACCCAU; 

Antisense-5'-AUGGGUCUCACAAACAUCCAUCCGC 

APP34 

Sense-5'-GACCAGGUUCUGGGCUGACAAACAU; 

Antisense-5'-AUGUUUGUCAGCCCAGAACCUGGUC 

APP33 

Sense-5'-UCAGGAUUUGAAGUCCGCCAUCAAA; 

Antisense-5'-UUUGAUGGCGGACUUCAAAUCCUGA 
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recommended  protocol  (Life  Technologies).  In  a  96-well  plate, 
N2A  cells  were  treated  at  a  scale  proportional  to  that  of  a 
transfection  in  a  six-well  plate.  A  similar  time  scale  of  incuba¬ 
tion  for  24  hours  was  maintained  after  which  time  knockdown 
analysis  was  performed.  The  cytotoxicity  of  the  samples  was 
analyzed  on  an  EPOCH  BIOTEK  (Winooski,  VT)  plate  reader. 

Confocal  fluorescence  imaging.  Mice  (with  neurons 
sparsely  expressing  GFP,  Thy-1  Promoter,  gift  from  the 
Richard  Huganir  lab  at  Johns  Hopkins  University)  were 
perfused  with  cold  4%  paraformaldehyde  in  phosphate-buff¬ 
ered  saline  24  hours  after  undergoing  infusion  protocol.  The 
brains  were  harvested  and  each  hemisphere  separated. 
Following  which  they  were  postfixed  4%  paraformaldehyde 
for  24  hours.  The  tissues  were  then  treated  for  48  hours  with 
30%  sucrose  for  cryopreservation  following  which  they  were 
placed  in  a  mold  with  OCT  and  prepared  for  cryosectioning. 
The  tissue  samples  were  sectioned  sagitally  (16-pm  thick¬ 
ness),  and  collected  on  superfrost  glass  and  probed  with 
antibodies  specific  to  BACE1  (1:500),  GFAP  (Dako  Cyto- 
mation),  and  Microglia  (Wako  Chemicals).  Mounting  media 
(Life  Technologies)  preloaded  with  DAPI  was  applied  prior 
to  application  of  the  coverslip.  Microscopic  analyses  were 
performed  on  a  Zeiss  LSM  510  microscope.  In  the  case 
of  cell  culture,  cells  were  grown  on  a  cover  slip  placed  at 
the  bottom  of  a  six-well  plate.  At  the  end  of  the  transfection 
study  with  fluorescently  labeled  siRNA  over  the  same  condi¬ 
tions  as  the  knockdown  studies,  the  cover  slip  was  washed 
in  phosphate-buffered  saline,  and  0.2  M  acetic  acid  in  0.5  M 
sodium  chloride  solution.  Following  which  the  cover  slips 
were  treated  with  0.4%  Trypan  blue  solution  Hanks  buffered 
salt  solution  to  quench  extracellular  fluorescence.55  Mount¬ 
ing  media  (Life  Technologies)  preloaded  with  DAPI  was 
applied  to  a  glass  slide  prior  to  placing  the  cover  slip  on  it 
for  further  microscopic  analysis. 

Gel  retardation  assay.  A  2%  agarose  gel  (with  ethidium  bro¬ 
mide)  in  aTAE  buffer  was  used  to  elucidate  release  of  siRNA 
from  micellar  nanoparticle  formulations.  Nanoparticle  formu¬ 
lations  were  incubated  with  varying  concentrations  of  dextran 
sulfate,  following  which  20  pi  of  each  sample  was  loaded  in 
each  well  with  loading  buffer.  Samples  were  run  on  the  gel  for 
20  minutes  at  120  V. 

Statistical  analysis.  Statistical  comparisons  were  performed 
using  ordinary  one-way  analysis  of  variance.  Comparisons 
between  groups  were  performed  using  Tukey’s  multiple  com¬ 
parisons  test  using  GraphPad  Prism  Software  (La  Jolla,  CA). 
Errors  bars  used  in  this  study  were  in  SD  and  SEM  and  noted 
in  the  figures. 

Supplementary  material 

Figure  SI.  Transmission  electron  microscopy  (TEM)  im¬ 
ages  of  non-PEGylated  crosslinked  LPEI17k/siRNA  particles 
at  N/P  ratio  of  5,  indicating  severe  aqgreqation  of  complexes 
in  150mM  NaCI. 

Figure  S2.  TEM  images  showing  effect  of  N/P  ratio  on 
the  shape  of  LPEI17k-g-0.6%PEG10k/siRNA  micellar 
nanoparticles. 


Figure  S3.  Gel  retardation  and  zeta  potential  analyses  of 
LPEI17k-g-PEG10k/siRNA  micellar  nanoparticles,  and  TEM 
image  of  LPEI17k/siRNA  nanoparticles. 

Figure  S4.  Protein  blot  analyses  detailing  examples  of  ini¬ 
tial  studies  involving  siRNA  nanoparticles  being  infused  into 
the  brain  of  mice. 

Figure  S5.  Microscopic  analysis  of  fluorescently  labeled 
siRNA  encapsulated  in  micellar  nanoparticles  in  the  brain 
parenchyma. 

Figure  S6.  Microscopic  analysis  of  astrocytic  cells  (GFAP+ 
staining)  in  response  to  brain  infusion  over  2  days. 

Figure  S7.  Microscopic  analysis  of  astrocytic  and  microglial 
activation  in  the  hippocampus  as  assessed  by  immunohisto- 
chemistry  after  infusion  of  micellar  nanoparticles  containing 
64  pg  of  siRNA  following  a  7-day  infusion  protocol. 

Figure  S8.  In  vivo  BACE1  knockdown  in  the  brainstem, 
and  cervical,  thoracic,  and  lumbar  sections  of  the  spinal  cord 
of  mice,  using  worm-  and  rod-like,  and  spherical  micellar 
nanoparticles. 
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PEGylated  polycationic  carriers  have  been  widely  used  for  the  condensation  of  DNA  and 
RNA  molecules  into  complex  core  micelles.  1]  The  PEG  corona  of  these  nanoparticles  can 
significantly  improve  their  colloidal  stability  in  serum. [2]  However,  PEGylation  of  the  carriers 
reduces  their  condensation  capacity, hindering  the  generation  of  micellar  particles  with 
sufficient  complex  stability.  This  presents  a  particularly  significant  challenge  for  packaging 
siRNA  into  complex  micelles,  as  it  has  a  much  smaller  size  and  more  rigid  chain  structure 
than  DNA  plasmids.  Here,  we  report  a  new  method  to  enhance  the  condensation  of  siRNA 
with  PEGylated  linear  polyethylenimine  (1PEI)  using  organic  solvent  and  to  prepare  smaller 
siRNA  nanoparticles  with  a  more  extended  PEG  corona  and  higher  stability.  We  have 
demonstrated  the  improved  gene  knockdown  efficiency  resulting  from  the  reduced  siRNA 
micelle  size  in  mouse  liver  following  intravenous  administration. 

RNA  interference  (RNAi)  has  been  demonstrated  to  be  a  potent  and  highly  specific  post- 
translational  gene  regulation  process. [4]  Through  the  use  of  exogenously  produced  short 
interfering  RNA  (siRNA)  specifically  targeting  the  gene  of  interest,  RNAi  has  demonstrated 
potential  as  an  important  therapeutic  agent  for  the  treatment  of  numerous  disorders. [5] 

Delivery  of  naked  siRNA  molecules  through  intravenous  injection,  however,  has  failed  to 
yield  significant  gene  knockdown  due  to  their  poor  phannacokinetic  profile  resulting  from 
high  susceptibility  to  nuclease  degradation  and  rapid  renal  clearance. [8bl  Thus,  the  critical 
challenge  in  realizing  the  full  therapeutic  potential  of  siRNA-mediated  gene  knockdown 
centers  on  the  development  of  a  safe  and  effective  delivery  system.  Among  the  currently 
explored  delivery  strategies, [6]  polycationic  nanoparticles  have  gained  significant  attention 
owing  to  their  versatility  and  ease  of  formulation.171  PEI  is  the  most  commonly  used 
polycationic  carrier,  because  of  its  high  buffering  capacity  that  facilitates  endosomal  escape  of 
nanoparticles  and  siRNA  into  the  cytoplasm.18  PEI/siRNA  nanoparticles  typically  carry 
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positive  residual  charges  on  their  surface,  which  lead  to  significant  aggregation  in  the 
presence  of  serum  proteins,  greatly  reducing  their  efficacy  in  vivo.  In  addition,  they  often 
elicit  a  high  degree  of  inflammatory  responses  and  toxicity,  and  are  prone  to  clearance  by 
macrophages  following  systemic  administration,  particularly  for  branched  PEI. [  101 

Decorating  the  particle  surface  with  hydrophilic  polyethylene  glycol  (PEG)  has  often  been 
employed  as  an  effective  strategy  to  alleviate  aggregation,  reduce  opsonization  and 
inflammation  response,  and  prolong  nanoparticle  circulation  time.[1 1]  PEGylation  can  be 
achieved  by  grafting  PEG  chains  onto  the  polycation  backbone.  The  resulting  PEGylated 
polycations  are  able  to  complex  with  siRNA,  forming  micellar  nanoparticles  with  a 
polycation/siRNA  core  and  a  PEG  corona,  where  the  steric  shielding  effect  of  the  corona  has 
been  demonstrated  to  lessen  aggregation  of  PEI-g-PEG/siRNA  nanoparticles. However, 
whereas  a  higher  degree  of  PEG  grafting  density  favors  the  colloidal  stability  and 
biocompatibility  of  the  micelles,  it  reduces  the  RNA  condensation  capacity  of  the  PEI-g-PEG 
carrier.  Thus,  it  is  a  significant  challenge  to  balance  PEI-g-PEG/siRNA  complex  stability  with 
colloidal  stability  and  compatibility. 

Our  new  approach  employs  a  PEGylated  linear  PEI  (1PEI)  carrier,  IPEI-g-PEG,  which  was 
synthesized  by  grafting  PEG  (Mn  =10  kDa)  to  the  backbone  of  1PEI  (Mn  =17  kDa;  see 
Supporting  Information  for  copolymer  synthesis  and  characterization).  We  prepared  an  IPEI- 
g-PEG  copolymer  with  an  average  of  4.6  PEG  grafts  per  1PEI,  and  identified  a  minimal  N/P 
ratio  of  20  for  complete  siRNA  condensation  by  agarose  gel  retardation  assay  (Figure  SI).  For 
all  following  experiments,  we  prepared  siRNA  micelles  by  mixing  equal  volumes  of  200 
pg/mL  of  IPEI-g-PEG  solution  and  20  ug/mL  of  siRNA  solution  (corresponding  to  an  N/P 
ratio  of  20)  at  room  temperature.  The  intensity-averaged  diameter  of  these  IPEI-g- 
PEG/ siRNA  micelles  prepared  in  water  was  1 17  ±  2.3  mn,  as  measured  by  dynamic  light 
scattering  (DLS;  Figure  1A,  F).  On  the  other  hand,  IPEI/siRNA  nanoparticles  exhibited  a 
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slightly  smaller  diameter  of  96.8  ±  10.3  nm  (Figure  1A,  E).  Whereas  this  size  difference  may 
be  attributed  to  the  PEG  corona,  it  is  nevertheless  remarkable  given  our  observations  for 
plasmid  DNA,  where  condensation  with  block  copolymers  significantly  reduced  the  size  of 
the  micelles  compared  to  condensation  with  polyelectrolytes  alone.14-1 

To  understand  this  apparent  discrepancy,  we  performed  molecular  (MD)  dynamics 
simulations  of  complexation  between  siRNA  and  IPEI-g-PEG  copolymer.  We  emphasize  that 
both  the  time  scale  and  the  number  of  particles  involved  in  the  complexation  processes  make 
coarse-graining  (as  described  in  the  Supporting  Information )  imperative.  However,  prior  work 
has  shown  this  approach  to  be  highly  suitable  for  providing  meaningful  insight  into  the 
underlying  mechanisms.1121  In  addition  to  the  electrostatic  interactions  between  siRNA  and 
1PEI  (taken  into  account  via  Ewald  summation1131),  and  the  IPEI-solvent  and  PEG-solvent 
interactions,1121  we  also  incorporated  the  interaction  between  1PEI  and  PEG  arising  from  direct 
hydrogen  bonding  and  from  hydrogen  bond  bridges  with  water  molecules,  as  1PEI  is  known  to 
form  strong  inter-  and  intra-molecular  hydrogen  bonds  in  water.1 14  Given  that  PEG  not  only 
has  a  molecular  structure  similar  to  1PEI,  but  also  has  a  hydrogen  bond  acceptor  in  its  repeat 
unit,  we  adopted  the  same  effective  interaction  strength  for  PEG-1PEI  as  for  1PEI-1PEI.1 14  To 
compare  to  the  intensity-averaged  distribution  of  the  hydrodynamic  diameter  measured  by 
DLS,  we  report  the  Z-avcraged1 13  radius  of  gyration  of  the  IPEI-g-PEG/siRNA  nanoparticles 
calculated  in  simulation  (Figure  IB).  The  modeling  results  indeed  matched  the  experimental 
observation  that  the  complexation  of  siRNA  with  IPEI-g-PEG  copolymer  results  in  a  slight 
increase  in  particle  size.  This  increase  did  not  arise  merely  from  the  physical  extent  of  the 
PEG  corona:  the  average  number  of  siRNA  particles  per  micelle  increased  from  7.1  ±  1.3  to 
9.4  ±  1.3.  We  hypothesized  that  this  size  increase  can  be  attributed  to  the  1PEI-PEG 
interaction.  To  test  this  conjecture,  we  perfonned  a  second  set  of  simulations  of  the 
complexation  of  siRNA  with  IPEI-g-PEG  copolymer,  in  which  we  artificially  decreased  the 


5 


ADVANCED 

HEALTHCARE 

Submitted  to  MATERIALS 

attractive  interaction  between  1PEI  and  PEG  (Figure  S4).  We  indeed  observed  that  a 
weakening  of  the  PEG-1PEI  interaction  significantly  reduces  the  particle  size. 

Prompted  by  this  observation,  we  aimed  to  condense  IPEI-g-PEG/siRNA  micelles  into 
smaller  nanoparticles  by  disrupting  the  interaction  between  1PEI  and  PEG  mediated  by 
hydrogen  bonding  with  water  molecules.  We  added  dimethylformamide  (DMF),  a  water- 
miscible  solvent  that  has  been  shown  to  effectively  reduce  intermolecular  hydrogen  bonding 
in  other  polymeric  micelle  systems, [16]  to  siRNA  and  IPEI-g-PEG  solutions  prior  to  micelle 
assembly.  In  a  7:3  (v/v)  DMF-water  mixture,  we  indeed  observed  a  far  smaller  average 
particle  size  of  44.2  ±  6.6  nm  (Figure  1C,  G).  This  size  reduction  of  micelles  in  response  to  a 
decrease  in  solvent  polarity  was  confirmed  by  MD  simulations  (Figure  ID).  Arguably,  the 
polarity  reduction  also  leads  to  a  decrease  in  siRNA  solubility, [17]  which  in  turn  could  have 
resulted  in  stronger  condensation  and  a  growth  in  aggregate  size.1 12  We  conclude  that  this 
effect  is  overshadowed  by  the  reduction  of  PEG-1PEI  and  1PEI-1PEI  hydrogen  bonding  which 
in  turn  permits  the  PEG  corona  to  provide  steric  shielding. 

Whereas  DMF  as  a  co-solvent  can  significantly  reduce  particle  size,  it  needs  to  be  removed 
prior  to  nanoparticle  transfection  experiments  in  vitro  or  in  vivo.  However,  DMF  removal  by 
dialysis  resulted  in  nanoparticle  swelling  (data  not  shown).  To  preserve  the  nanoparticle  size 
in  aqueous  media  upon  DMF  removal,  we  employed  a  reversible  disulfide  crosslinking 
scheme  previously  tested  in  DNA/polymer  nanoparticles. [12]  We  introduced  thiol  groups  to  the 
1PEI  block  and  used  the  purified  thiolated  IPEI-g-PEG  to  condense  siRNA  using  the  protocol 
described  above.  Crosslinking  was  initiated  by  aerial  oxidation  over  a  48-h  incubation  at  room 
temperature  followed  by  dialysis  to  remove  the  DMF.  TEM  micrographs  in  Figure  2A-B 
confirm  that  no  appreciable  change  in  particle  size  or  morphology  occurred  following  solvent 
removal.  The  crosslinking  was  verified  by  gel  electrophoresis  (Figure  2C):  without  disulfide 
crosslinks,  nanoparticles  released  siRNA  upon  challenge  with  an  excess  amount  of  dextran 
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sulfate,  a  polyanion  that  can  effectively  compete  with  siRNA  to  complex  with  1PEI.  On  the 
other  hand,  crosslinked  micelles  released  siRNA  under  the  same  conditions  only  after  the 
disulfide  bonds  were  reduced. 

The  PEG  corona  of  IPEI-g-PEG/siRNA  micelles  significantly  reduced  the  nanoparticle 
zeta  potential  from  +30  mV  to  about  +5  mV  when  condensed  in  water.  Condensation  in 
DMF-water  (7:3,  v/v)  mixture  followed  by  crosslinking  and  removal  of  solvent,  reduced  the 
zeta  potential  even  further  to  -8  mV  (Figure  S2),  likely  due  to  the  increase  of  the  PEG  density 
at  the  surface  and  reduction  of  imines  on  the  complex  core  that  reacted  with  the  crosslinkers. 
The  near-neutral  surface  charge  on  these  micelles  enhances  their  colloidal  stability  in 
physiological  media  through  suppression  of  serum  protein-mediated  agglomeration.  Indeed, 
these  crosslinked  micelles  showed  no  significant  change  in  particle  size  in  10%  serum  (Figure 
2D-E).  Owing  to  the  covalent  crosslinks,  these  micelles  also  exhibited  high  complex  stability; 
they  did  not  show  any  size  change  when  incubated  in  the  presence  of  150  mM  sodium 
chloride  (Figure  2F).  On  the  other  hand,  uncrosslinked  IPEI-g-PEG/siRNA  micelles  were 
destabilized  within  30  min  of  salt  challenge. 

We  anticipated  a  smaller  average  particle  size  to  result  in  more  efficient  cellular  uptake  and 
transfection.  To  confirm,  we  first  measured  the  cellular  uptake  efficiency  and  gene 
knockdown  efficiency  in  vitro.  We  also  prepared  1 17-nm  micelles  that  were  crosslinked 
similarly  to  the  44-nm  micelles  to  exclude  differences  resulting  from  the  crosslinking.  The 
crosslinked  44-nm  micelles  displayed  30%  and  57%  increase  of  uptake  in  a  hepatocellular 
carcinoma  cell  line  (HepG2)  compared  to  the  crosslinked  and  uncrosslinked  1 17-nm  micelles, 
respectively  (Figure  3A).  In  vitro  gene  knockdown  experiments  showed  that  both  the 
crosslinked  1 17-nm  and  44-nm  micelles  achieved  about  60%  decrease  in  targeted  protein 
expression,  an  efficiency  similar  to  that  of  IPEI/siRNA  nanoparticles.  The  uncrosslinked 
micelles  only  showed  30%  knockdown  efficiency,  likely  due  to  their  limited  stability  in  cell 
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culture  media.  In  addition,  all  tested  particles  maintained  a  high  cell  metabolic  activity  (>80% 
compared  to  untreated  cells,  Figure  S3).  As  an  in  vivo  proof  of  concept,  we  assessed  the  effect 
of  reduced  nanoparticle  size  on  gene  knockdown  efficiency  in  the  rat  liver  following 
intravenous  administration  (Figure  3C).  We  first  established  high  luciferase  expression  in  the 
liver  via  hydrodynamic  infusion  of  luciferase  plasmid  DNA.1  Ix  After  the  transgene  expression 
level  stabilized  at  5  d  post- infusion,  IPEI-g-PEG/siRNA  micelles  or  IPEI/siRNA  nanoparticles 
containing  80  p,g  luciferase  siRNA  were  administered  via  tail  vein  injection.  The  44-nm 
micelles  displayed  85%  and  70%  efficiencies  of  transgene  knockdown  in  the  liver  at  24  h  and 
48  h  after  injection,  respectively.  In  contrast,  the  1 17-nm  micelles  only  showed  -30% 
knockdown  at  both  24  h  and  48  h  (p  <  0.05).  This  significant  increase  in  gene  knockdown 
efficiency  for  the  smaller  nanoparticles  may  be  attributed  to  improved  nanoparticle  deposition 
and  increased  cellular  uptake  of  the  smaller  nanoparticles.  On  the  other  hand,  the 
uncrosslinked  micelles  and  IPEI/siRNA  nanoparticles  did  not  show  significant  knockdown  at 
24  h  and  yielded  a  low  level  (-15%)  of  transgene  knockdown  at  48  h  after  injection, 
suggesting  that  nanoparticle  stability  in  medium  is  crucial  to  siRNA  delivery  in  vivo.  It  is 
important  to  note  that  the  gene  knockdown  activity  mediated  by  the  44-nm  siRNA 
nanoparticles  is  among  the  highest  obtained  via  intravenous  injection  at  such  a  relatively  low 
siRNA  dose  (~0.4  mg/kg  body  weight),  without  employing  any  active  targeting  strategy. [19] 

In  conclusion,  this  study  provides  the  first  evidence  of  solvent-assisted  condensation  of 
IPEI-g-PEG/siRNA  micelles  to  decrease  nanoparticle  size.  By  reducing  solvent  polarity,  we 
decreased  the  average  size  of  IPEI-g-PEG/siRNA  micelles  from  117  mn  in  water  to  44  mn. 
Through  molecular  dynamics  simulation  we  revealed  the  role  of  solvent  quality  and  PEI-PEG 
hydrogen  bonding  in  the  assembly  of  IPEI-g-PEG/siRNA  micelles.  The  micelle  size  was 
preserved  after  organic  solvent  removal  by  means  of  reversible  disulfide  crosslinking;  we 
confirmed  that  the  micelles  maintained  their  size  in  water  and  physiological  media.  More 
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importantly,  our  results  have  demonstrated  size-dependent  in  vivo  transfection  efficiency 
following  intravenous  injection  of  the  siRNA  micelles  in  rats.  The  gene  knockdown  efficiency 
in  rat  liver  achieved  by  the  smaller  siRNA  micelles  was  significantly  higher  than  for  the  larger 
micelles  prepared  from  the  same  copolymer  carrier.  The  condensation  technique  introduced 
here  allows  a  simple  and  effective  way  to  reduce  siRNA  particle  size  and  provides  a  model 
platform  for  further  study  of  the  effect  of  particle  size  on  in  vivo  cellular  uptake,  knockdown 
efficiency,  biodistribution,  and  phannacokinetics.  As  such,  it  can  fonn  the  starting  point  for 
the  development  of  an  effective  delivery  system  that  harnesses  the  therapeutic  potential  of 
siRNA. 

Experimental  Section 

Preparation  of  IPEI-g-PEG/siRNA  micelles:  1.33  ug  siRNA  (Qiagen,  Valencia,  CA)  was  first 
dissolved  in  50  iiL  DI  water  or  7:3  (v/v)  DMF-water  mixture  and  then  added  to  an  equal 
volume  of  IPEI-g-PEG  polymer  solution  at  an  N/P  ratio  of  20  prepared  in  the  same  mixing 
solvent.  The  mixture  was  vortexed  and  then  incubated  for  30  min  at  room  temperature  before 
further  characterization.  Crosslinked  micelles  were  prepared  according  to  a  protocol  that  we 
established  previously.1121  Micelle  characterization  methods  can  be  found  in  the 
Supplementary  Information . 

Modeling  of  IPEI-g-PEG/siRNA  micelles:  Molecular  dynamics  simulations  were  performed 
using  coarse-grained  models.  IPEI-g-PEG  was  represented  as  a  bead-spring  polymer  model 
with  bead  size  7.35  A  and  charge  density  35%.  The  siRNA  molecule  was  coarse-grained  as  a 
24-bead  rigid  body  using  the  VMD  Shape-Based  Coarse-Graining  (SBCG)  tool,[20]  based  on  a 
22  bp  RNA  molecule  isolated  from  the  Protein  Data  Bank  file  2F8S.[211  To  increase  the 
computational  efficiency,  we  scaled  down  each  coarse-grained  model  to  one  fourth  of  its 
original  length.  The  solvent  was  simulated  implicitly  using  a  Langevin  thermostat,  and 
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different  solvent  compositions  were  represented  through  variation  of  the  attractive  strength  of 
a  f  en nard-.I ones  potential.  Monovalent  counterions  were  included  to  maintain  system  charge 
neutrality,  and  electrostatic  interactions  were  computed  using  the  Ewald  method.  To 
accelerate  the  disassociation  and  refonnation  of  aggregates,  we  employed  the  parallel 
tempering  method/"21  in  which  24  copies  of  the  same  system  were  simulated  in  parallel,  at 
closely  spaced  temperatures.  This  approach  exploits  the  larger  degree  of  fluctuations  at  higher 
temperatures  to  provide  pathways  that  permit  the  simulation  at  the  original  temperature  to 
transition  between  different  states  of  low  free  energy. 

In  vitro  cell  uptake  and  gene  silencing  of  IPEI-g-PEG/siRNA  micelles :  HepG2  cells  were 
maintained  in  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  supplemented  with  10%  fetal 
bovine  serum  (FBS)  and  100  U/mL  Penicillin  /  100  pg/mL  Streptomycin  at  37°C  and  5%  CCE. 
At  24  h  prior  to  the  experiment,  cells  were  seeded  in  24-well  plates  at  a  density  of  5  x  104 
cells/well.  For  cell  uptake  studies,  micelles  were  prepared  with  Alexa  Fluor  488-modified 
siRNA  (Qiagen,  Valencia,  CA).  An  aliquot  of  50  pF  micelles  equivalent  to  100  nM  siRNA 
was  added  to  each  well  followed  by  4  h  incubation  at  37°C,  after  which  the  cells  were  washed 
with  PBS,  trypsinized,  and  fixed  with  2%  paraformaldehyde.  Fluorescence  associated  with 
individual  cells  was  analyzed  with  a  BD  FACSCalibur  flow  cytometer  (BD  Biosciences) 
fitted  with  a  488-nm  excitation  source  and  detected  using  a  515-545  mn  filter.  A  minimum  of 
10,000  events  per  sample  were  collected  for  analysis.  Gene  silencing  studies  were  performed 
using  a  previously  reported  protocol/231 

In  vivo  gene  knockdown  efficiency  of  siRNA  micelles  via  intravenous  administration:  Animal 
studies  were  conducted  under  a  protocol  that  was  approved  by  the  Johns  Hopkins  School  of 
Medicine  Institutional  Animal  Care  and  Use  Committee  (IACUC  #  RA09A447).  A  liver- 
specific  gene  knockdown  model  was  developed  by  modification  of  previously  published 
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protocols/241  Wistar  rats  (female,  6-8  weeks,  200-300  g)  were  transfected  with  a  firefly 
luciferase  plasmid  DNA  (20  ug  DNA  in  PBS  with  a  volume  corresponding  to  9  vol/wt%  of 
the  rat’s  body  weight)  via  hydrodynamic  infusion  administered  through  the  tail  vein  over  15  s 
according  to  a  published  procedure/251  After  5  days,  micelles  containing  80  qg  siRNA  in 
1  mL  PBS  were  injected  via  the  tail  vein.  At  24  and  48  h,  rats  were  anesthetized  and  given 
1  mL  of  D-luciferin  solution  (i.p.  30  mg/mL).  The  rat  was  then  imaged  on  an  IVIS  Spectrum 
Imaging  System.  The  bioluminescence  signal  was  collected  for  1  min,  and  the  level  of 
luciferase  expression  was  expressed  as  the  total  photon  count  per  section  in  the  region  of 
interest  and  was  normalized  to  PBS  control  to  determine  knockdown  efficiency. 

Statistical  Analysis :  All  data  were  expressed  as  mean  ±  SD  unless  otherwise  noted.  Statistical 
comparisons  were  carried  out  using  a  one-way  analysis  of  variance  (ANOVA)  followed  by 
Turkey’s  post-hoc  test  for  groups  with  equal  variance  or  Games-Howell  test  for  groups  with 
unequal  variance  (SPSS  software,  version  21,  SPSS  Inc.).  All  data  were  considered  to  be 
significant  at  p  <  0.05. 

Supporting  Information 

Supporting  Infonnation  is  available  from  the  Wiley  Online  Library  or  from  the  author. 
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Figure  1.  Size  distribution  of  IPEI-g-PEG/siRNA  micelles  in  different  solvents.  (A)  Size 
distribution  of  IPEI-g-PEG/siRNA  micelles  and  IPEI/siRNA  nanoparticles  prepared  in  water, 
as  determined  by  dynamic  light  scattering;  (B)  Simulation  results  for  size  distributions  of 
IPEI-g-PEG/siRNA  micelles  and  IPEI/siRNA  nanoparticles  in  water;  (C)  Size  distribution  of 
IPEI-g-PEG/siRNA  micelles  prepared  in  pure  water  and  7:3  (v/v)  DMF-water  mixture; 

(D)  Simulation  results  for  size  distribution  of  IPEI-g-PEG/siRNA  micelles  in  pure  water 
(labeled  “Solvent  1”)  and  7:3  (v/v)  DMF-water  mixture  (labeled  “Solvent  2”);  (E-G)  TEM 
images  of  IPEI/siRNA  nanoparticles  (E),  IPEI-g-PEG/siRNA  micelles  prepared  in  pure  water 
(F),  and  IPEI-g-PEG/siRNA  micelles  prepared  in  DMF-water  mixture  (G),  respectively.  All 
scale  bars  represent  200  nm. 
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Figure  2.  Preservation  of  size  of  IPEI-g-PEG/siRNA  micelles  via  reversible  disulfide 
crosslinking.  (A-B)  TEM  images  of  crosslinked  nanoparticles  initially  prepared  in  pure  water 
(A)  and  in  7:3  (v/v)  DMF-water  mixture  (imaged  after  removal  of  solvent)  (B);  (C)  siRNA 
release  from  uncrosslinked  and  crosslinked  IPEI-g-PEG/siRNA  micelles  in  the  presence  of 
dextran  sulfate  and  50  inM  dithiothreitol  (DTT)  in  water;  (D-E)  TEM  images  of  crosslinked 
micelles  initially  prepared  in  pure  water  (D)  and  7:3  (v/v)  DMF-water  mixture  (E), 
respectively,  following  1  h  incubation  with  10%  (v/v)  FBS.  (F)  Size  distributions  of 
uncrosslinked  and  crosslinked  IPEI-g-PEG/siRNA  micelles  following  incubation  with  0.15  M 
NaCl  for  1  h.  All  scale  bars  represent  200  mn. 
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Figure  3.  Size-dependent  transfection  efficiency  of  IPEI-g-PEG/siRNA  micelles.  (A)  In  vitro 
cellular  uptake  of  Alexa  Fluor  488-labeled  micelles  in  HepG2  cells.  Bars  represent  mean  ± 

SD  (n  =  3);  (B)  In  vitro  gene  knockdown  efficiency  in  FIepG2  cells  following  100  nM 
equivalent  dose  of  siRNA.  Bars  represent  mean  ±  SD  (n  =  3);  (C)  In  vivo  gene  silencing  in  rat 
liver  at  24  h  and  48  h  after  administration  of  nanoparticles  at  a  dose  equivalent  to  80  qg 
siRNA  via  tail  vein  injection.  Bars  indicate  mean  relative  luciferease  expression  ±  SD  (n  =  4- 
7).  *p  <0.05. 
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1.  Experimental  Methods 

1.1.  Synthesis  and  characterization  oflPEI-g-PEG  copolymer 

A  PEGylated  linear  PEI  (1PEI)  copolymer,  lPEI-g-PEG,  was  synthesized  by  grafting  10  kDa 
PEG  to  1PEI  with  an  average  Mn  of  17  kDa.  We  chose  1PEI  owing  to  its  lower  cytotoxicity 
compared  to  branched  PEI,111  and  selected  1PEI  of  relatively  high  Mn  for  its  higher  siRNA 
condensation  capacity  and  transfection  efficiency  compared  to  1PEI  of  lower  molecular  weight. [2] 
The  10  kDa  PEG  grafts  were  chosen  based  upon  their  ability  to  provide  more  effective  resistance 
to  protein  adsorption  and  better  protection  against  nuclease  degradation  than  PEG  of  lower 
molecular  weight.131 

Linear  polyethyleneimine  HC1  salt  (1PEIHC1,  Mn  =17  kDa)  was  purchased  from  Polymer 
Chemistry  Innovations,  Inc.  (Tucson,  AZ).  N-hydroxysuccinimidyl  ester  of  methoxy  polyethylene 
glycol  hexanoic  acid  (PEG-NHS,  Mn  =  10  kDa)  was  purchased  from  NOF  America  Corporation 
(White  Plains,  NY).  The  lPEI-HCl  (7.95  mg,  0.1  mmol  of  amine)  was  dissolved  in  1  mL  of  DI 
water.  The  pH  of  the  solution  was  adjusted  to  6  through  drop-wise  addition  of  1  M  NaOH 
solution.  The  solution  was  then  mixed  with  80  mg  of  PEG-NHS  and  incubated  overnight.  The 
reaction  mixture  was  dialyzed  against  DI  water  and  lyophilized  to  yield  a  white  foam-like  solid 
with  a  95%  yield.  The  molecular  weight  of  the  graft  copolymer  was  characterized  by  gel 
permeation  chromatography  using  an  Agilent  1200  series  Isocratic  HPLC  System  equipped  with 
TSKgel  G3000PWxl-CP  column  and  TSKgel  G5000PWxl-CP  column  (Tosoh  America,  Inc., 
Grove  City,  OH),  which  was  connected  with  a  multi-angle  light  scattering  detector  (MiniDawn, 
Wyatt  Technology,  Santa  Barbara,  CA).  The  grafting  degree  of  PEG  on  1PEI  was  found  to  be  1.2%, 
which  corresponds  to  an  average  of  4.6  PEG  grafts  per  1PEI. 

1.2.  Gel  electrophoresis  analysis  of poly  cation /siRNA  nanoparticles 

To  investigate  polycation/siRNA  condensation,  equal  volumes  of  polymer  and  siRNA 
solution  were  mixed  at  increasing  N/P  ratios  (molar  ratio  of  amine  in  1PEI  to  phosphate  in  RNA) 
followed  by  electrophoresis  at  90  V  for  40  min  on  a  1.2  wt%  agarose  gel.  To  determine  siRNA 
release  from  uncrosslinked  and  crosslinked  particles,  20  pM  sodium  dextran  sulfate  (Mn  = 
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200  kDa)  in  10  mM  Tris-HCl  (pH  7.4)  buffer  was  added  to  equal  volume  of  nanoparticle  solution 
containing  1  pM  siRNA.  The  mixed  solution  was  further  incubated  in  the  presence  or  absence  of 
50  mM  DTT  overnight  at  37°C.  An  aliquot  of  each  sample  was  then  subjected  to  electrophoresis 
as  above.  The  siRNA  bands  were  visualized  under  a  UV  transilluminator.  Figure  SI  displays  the 
gel  retardation  analysis,  confirming  that  a  minimum  N/P  ratio  of  20  is  needed  to  completely 
condense  siRNA  under  the  tested  conditions. 


N/P  Ratio 

1  4  10  20 


IPEI-q-PEG/siRNA 

siRNA 


Figure  SI.  Gel  retardation  assay  of  complexation  between  IPEI-g-PEG  and  siRNA  at  increasing  N/P 
ratios.  Note  the  faint  siRNA  band  for  an  N/P  ratio  of  10. 

1.3.  Transmission  electron  microscopy  (TEM) 

Samples  were  prepared  by  depositing  10  pL  nanoparticle  solution  on  a  freshly  ionized  nickel 
grid  covered  by  a  carbon  film.  After  10  min,  excess  liquid  was  removed  by  pipetting.  A  drop  of  2% 
uranyl  acetate  solution  (~5  pL)  was  then  deposited  on  the  grid  for  10  s  and  subsequently 
removed.  After  drying  at  room  temperature,  the  samples  were  examined  on  a  Tecnai  FEI-12 
electron  microscope. 

1.4.  Preparation  of  crosslinked  IPEI-g-PEG  /siRNA  nanoparticles 

IPEI-g-PEG  copolymer  was  thiolated  with  Traut’s  reagent  at  a  20%  grafting  degree  of  the  total 
amino  groups  for  2  h  at  room  temperature.  The  thiolated  polymer  solution  was  mixed  with 
siRNA,  and  the  micelle  solution  was  transferred  to  a  dialysis  membrane  with  MWCO  of  3.5  kDa 
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and  then  subjected  to  aerial  oxidation  for  48  h  with  stirring.  The  solution  was  further  dialyzed 
against  water  for  an  additional  24  h  to  remove  DMF. 

1.5.  Nanoparticle  size  and  zeta  potential  measurements 

Particle  size  and  zeta  potential  were  measured  by  photon  correlation  spectroscopy  and  laser 
Doppler  anemometry,  respectively,  using  a  Zetasizer  Nano  ZS90  (Malvern  Instruments, 
Southborough,  MA).  Size  measurement  was  performed  at  25°C  at  a  90°  scattering  angle.  The 
mean  hydrodynamic  diameter  was  determined  by  cumulative  analysis.  The  zeta  potential 
measurements  were  performed  using  a  DTS1060-folded  capillary  cell  in  the  automatic  mode. 
Figure  S2  reveals  the  average  zeta  potential  of  lPEI-g-PEG/siRNA  micelles  before  and  after 
crosslinking,  revealing  a  decrease  in  particle  zeta  potential  from  +5  mV  to  -5  and  -8  mV  for 
117  nm  and  44  nm  particles,  respectively. 

50  n 


Figure  S2.  Zeta  potential  of  IPEI-g-PEG/siRNA  micelles  before  crosslinking  and  after  crosslinking  in 
both  Dl  water  and  7:3  (v/v)  DMF-water  mixture.  Bars  show  mean  ±  SD  (n  =  3). 

1.6.  Characterization  of  in  vitro  gene  knockdown  efficiency 

For  gene  silencing  in  vitro,  cells  were  pre-transfected  with  720  ng/well  pGL3  DNA,  encoding 
for  firefly  luciferase,  and  80  ng/well  pRL-CMV,  encoding  for  Renilla  luciferase,  using 
Lipofectamine  2000  according  to  our  previously  published  protocol.  After  4  h,  cells  were 
transfected  with  nanoparticles  carrying  GL3  siRNA  (sense  strand 
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5’-CUUACGCUGAGUACUUCGAdTdT-3\  antisense  strand 

5’-UCGAAGUACUCAGCGUAAGdTdT-3’),  or  a  negative  control  sequence  (AllStars  Neg. 
siRNA,  Qiagen,  Valencia,  CA)  at  a  dose  equivalent  to  100  nM  siRNA.  After  48  h,  cells  were  rinsed 
with  PBS  and  assayed  for  luciferase  expression  using  a  dual  luciferase  reporter  assay  kit  (Promega, 
WI).  For  each  well,  firefly  and  Renilla  luciferase  luminescence  was  measured  using  a  FLUOstar 
OPTIMA  plate  reader  (BMG  Labtech,  Germany).  Firefly  readings  were  normalized  against 
Renilla  readings,  and  values  were  expressed  as  a  ratio  to  the  untreated  control. 


1.7.  Characterization  of  cytotoxicity  of polycation/ siRNA  nanoparticles 

Cytotoxicity  of  siRNA  nanoparticles  was  determined  by  a  WST-1  dye  reduction  assay.  HepG2 
cells  were  seeded  in  a  96-well  plate  24  h  before  assay  at  a  density  of  20,000  cells/well.  The  cells 
were  incubated  for  4  h  with  100  pL  complete  medium  containing  nanoparticles  at  a  dose 
equivalent  to  100  nM  of  siRNA.  The  medium  in  each  well  was  then  replaced  with  100  pL  fresh 
medium  containing  10  pL  WST-1  reagent  (Roche,  Mannheim,  Germany).  The  cells  were 
incubated  for  1  h  at  37°C.  The  absorbance  of  the  supernatant  at  450  nm,  using  600  nm  as  a 
reference  wavelength,  was  measured  on  a  microplate  reader  (Infinite  M200,  TECAN,  Mannedorf, 
Switzerland).  Figure  S3  illustrates  the  metabolic  activity  of  HepG2  cells  that  were  treated  with 
different  formulations  of  lPEI-g-PEG/siRNA  micelles.  All  formulations  maintained  >80%  cell 
viability  at  the  tested  concentrations. 


IPEI/siRNA  nanoparticles 

Q  Uncrosslinked  IPEI-p-PEG/siRNA 

Q  IPEI-g>-PEG/siRNA  micelles  (117  nm) 

|  IPEI-g-PEG/siRNA  micelles  (44  nm) 

H  IPEI-g-PEG/siRNA  micelles  (44  nm) 
with  scrambled  RNA  sequence 


Figure  S3.  Metabolic  activities  of  HepG2  cells  treated  with  IPEI-g-PEG/siRNA  micelles  at  a  dose 
equivalent  to  100  nM  siRNA.  Bars  show  mean  ±  SD  (n  =  4). 
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2.  Computational  Methods 

2.1.  Simulation  model  and  coarse-graining procedure 

Molecular  dynamics  simulations  were  performed  using  the  LAMMPS  package. [4]  The  large 
length  and  time  scales  involved  in  micelle  formation  make  it  essential  to  employ  coarse-grained 
models  of  1PEI,  lPEI-g-PEG  copolymer,  and  siRNA.  The  Bjerrum  length  in  water  is  7.1  A,  which 
was  chosen  as  the  Lennard-Jones  (LJ)  unit  of  distance  a  in  our  simulations.  Since  1PEI  and  PEG 
share  a  similar  molecular  structure,  we  treated  them  equivalently  in  the  coarse-graining 
procedure  and  adopted  the  same  monomer  length  of  3.5  A  and  intrinsic  persistence  length  of 
3.8  A.[51  Three  persistence  length  units  were  represented  as  one  bead  in  the  model.  Based  on  the 
blob  concept,  each  bead  has  a  size  of  approximately  la  (size  of  blob  ~  306  x  3.8  A  =  7.35  A  =  a). 
Clearly,  for  such  short  segments,  the  scaling  behavior  of  a  long  self-avoiding  polymer  does  not 
fully  apply.  Nonetheless,  this  coarse-graining  procedure  provides  a  consistent  approach  to 
estimate  the  length  of  the  coarse-grained  polymer  models  for  our  simulation  ( cf  Table  SI). 


Structural  Parameter 

PEG 

IPEI 

Molecular  weight  (g/mol) 

9,500 

17,000 

Number  of  monomers 

225 

386 

Number  of  persistence  length  segments* 

207 

356 

Number  of  beads  in  coarse-grained  model* 

69 

119 

Table  SI.  Molecular  weights  of  PEG  and  IPEI  used  in  experiments  and  number  of  beads  in  coarse¬ 
grained  PEG  and  IPEI  models  used  in  simulations.  (^Assuming  IPEI  and  PEG  have  the  same 
persistence  length  and  the  same  monomer  size.) 

For  IPEI,  we  used  a  charge  density  of  approximately  35%[6],  corresponding  to  a  pH  of  6-7,  as 
used  in  the  experiments.  The  charges  were  evenly  distributed  along  the  model  beads  and  each 
bead  carried  a  charge  of  1.12e  (this  includes  a  factor  3. 8/3. 5  to  account  for  the  ratio  between 
persistence  length  and  monomer  size).  The  siRNA  molecule  was  coarse-grained  using  the  VMD 
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Shape-Based  Coarse-Graining  (SBCG)  tool171,  which  approximates  the  shape  of  a  molecule  using  a 
specified  number  of  beads,  and  outputs  the  positions  of  each  bead,  the  equilibrium  bond  length 
between  beads,  and  the  charge  on  each  bead.  Although  the  SBCG  tool  produces  a  (narrow) 
distribution  of  bead  sizes,  we  opted  for  beads  of  uniform  size  a  (7. 1  A)  to  avoid  inhomogeneous 
short-range  and  electrostatic  interactions  (the  LJ  radius  of  beads  affects  the  contact  strength  of 
their  electrostatic  interaction  as  well  as  the  range  of  their  LJ  interaction).  This  uniformity  was 
achieved  by  adjusting  the  number  of  coarse-grained  beads  until  the  average  bead  size  was  close  to 
7.1  A,  and  then  setting  all  beads  to  this  uniform  size.  For  the  coarse  graining  of  siRNA,  we 
isolated  a  22  bp  RNA  molecule  from  the  Protein  Data  Bank  file  2F8S[8]  and  coarse-grained  it  into 
a  24-bead  rigid  body. 

In  the  coarse-grained  models,  all  harmonic  interactions  were  represented  by 

C^-200 e(r-r„f,  (1) 

where  r  is  the  center-to-center  distance  between  two  bonded  beads  and  r0  is  the  equilibrium  bond 
length,  with  e  the  LJ  unit  of  energy.  For  1PEI  and  PEG,  r0  was  set  to  1.12a;  for  siRNA  r0  was 
determined  by  the  SBCG  coarse-graining  procedure.  The  electrostatic  energies  and  forces  were 
computed  using  the  Particle-Particle  Particle-Mesh  Ewald  algorithm,  with  a  relative  accuracy 
of  10-4. 

Even  when  these  coarse-grained  models  are  employed,  it  was  still  impractical  to  efficiently 
simulate  the  experimental  system,  owing  to  the  strong  multi-chain  aggregation  and  the  slow 
conformational  decorrelation  of  long  polymer  chains.  To  overcome  these  limitations,  it  was 
necessary  to  decrease  the  length  of  the  polymer  chains.  We  therefore  scaled  down  each  original 
coarse-grained  model  to  one  fourth  of  its  original  length,  using  30  beads  to  represent  1PEI,  15 
beads  to  represent  a  PEG  block,  and  6  beads  (4  carrying  a  charge  -1.8e  and  2  carrying  a  charge 
-1.9e)  to  represent  siRNA.  As  an  additional  benefit,  this  made  it  possible  to  simulate  a  system 
with  a  larger  number  of  constituent  particles,  namely  32  1PEI  or  lPEI-g-PEG  polymers  and  96 
siRNA,  thus  permitting  a  better  resolution  of  the  aggregate  size  distribution  function.  In  addition, 
1056  positive  and  1075  negative  monovalent  counterions  were  included  to  maintain  system 
charge  neutrality  (1  additional  counterion  with  charge  -0.2c  was  added  to  ensure  precise  electoral 
neutrality). 
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We  employed  a  Langevin  thermostat  to  simulate  the  implicit  solvent  and  control  the 
temperature,  imposing  a  damping  time  lOOr,  where  ris  the  LJ  unit  of  time, 


with  m  is  the  LJ  unit  of  mass.  The  equations  of  motion  were  integrated  using  the  velocity-Verlet 
algorithm.  The  temperature  was  set  to  T  =  1.0  f//cB,  where  k?,  is  Boltzmann’s  constant.  When  the 
solvent  is  changed  from  pure  water  to  DMF-water  mixtures  at  different  proportions,  the 
dielectric  constant  increases,  while  the  charge  density  of  siRNA  and  1PEI  polymers  decreases. 
Following  our  previous  paper191,  we  exploited  the  cancellation  of  these  effects  in  the  electrostatic 
interaction  strength  and  assumed  a  constant  Bjerrum  length  and  constant  charge  density  in  our 
model. 

2.2.  Parameter  choices  to  represent  solvent  quality  and  hydrogen  bonding 

Linear  PEI  forms  a  crystal  hydrate  in  pure  water  due  to  strong  inter-  and  intra-molecular 
hydrogen  bonding1101.  DMF  was  observed  in  experiments  to  be  a  good  solvent  for  1PEI[11].  On  the 
other  hand,  as  the  solvent  changes  from  pure  water  to  water-DMF  mixture,  the  solvent  quality 
for  siRNA  decreases.  Since  we  employed  an  implicit  solvent,  the  change  from  a  good  to  a  poor 
solvent  was  represented  by  an  increase  in  the  effective  attraction  between  siRNA  beads  and 
between  1PEI  beads.  Since  the  1PEI  and  siRNA  already  experience  a  strong  electrostatic 
interaction,  no  additional  solvent-induced  effective  attraction  between  1PEI  and  siRNA  was 
imposed.  Both  water  and  DMF  and  their  mixtures  are  good  solvents  for  PEG1121,  therefore, 
following  our  earlier  study191,  we  did  not  incorporate  PEG  solubility  variations  within  the  range  of 
DMF/water  ratios  in  our  model,  but  instead  represented  the  uniformly  good  solvent  conditions 
for  PEG  via  a  purely  repulsive  shifted-truncated  LJ  potential  with  a  cutoff  21/6a 

In  the  coarse-grained  modeling,  we  aimed  to  elucidate  the  effect  of  variation  of  the  solvent 
quality  and  the  degree  of  hydrogen  bonding  on  the  experimental  system,  rather  than  to  realize  a 
precise  mapping  between  different  solvent  conditions  onto  attractive  pair  potentials.  Thus,  we 
opted  to  describe  the  pair  potential  via  a  LJ  potential  with  two  different  strengths:  1.0  k?,T  and 
0.314  kpj.  A  potential  strength  of  1.0  ktiT  represented  a  poor-solvent  condition  and  a  higher  level 
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of  polymer-polymer  hydrogen  bonding  (which  includes  both  direct  hydrogen  bonding  between 
two  monomers  and  hydrogen  bond  bridging  between  two  monomers  by  water  molecules);  a  LJ 
attraction  of  0.314  k^T  (corresponding  to  the  theta  solvent  condition  for  the  bead-spring  model 
employed1131)  indicated  a  relatively  good  solvent  condition  and  a  lower  level  of  polymer-polymer 
hydrogen  bonding.  This  approach  allowed  us  to  identify  the  relative  effect  of  each  of  the 
interactions  during  the  solvent  change.  Given  our  choice  for  the  temperature,  this  yielded  the 
parameter  combinations  listed  in  Table  S2.  The  pair  potential  was  cut  off  at  2.5a  and  shifted  at 
the  cutoff  to  eliminate  a  discontinuity  in  the  interaction.  All  other  nonbonded  short-range 
interactions  were  modeled  with  a  purely  repulsive  shifted-truncated  LJ  potential  with  a 
cutoff  21/6a. 


Solvent  Condition 

£lj  /  £  (siRNA) 

£lj  /  £  (PEI) 

euIe  (PEI-PEG) 

Solvent  1  (Water) 

0.314 

1.000 

1.000 

Solvent  2  (Water-DMF  mixture) 

1.000 

0.314 

0.314 

Solvent  1* 

0.314 

1.000 

0.314 

Table  S2.  Effective  attraction  strength  eu  (in  units  of  the  LJ  energy  parameter  e)  between  siRNA 
beads,  PEI  beads,  and  between  IPEI  and  PEG  beads  for  different  solvent  conditions. 

To  test  the  effect  of  hydrogen  bonding  between  IPEI  and  PEG  on  micelle  size,  we  artificially 
weakened  the  interaction  strength  between  IPEI  and  PEG  in  water  (cf.  main  text),  and  labeled  this 
solvent  condition  Solvent  1*.  The  size  distribution  of  lPEI-g-PEG  nanoparticles  in  Solvent  1*  is 
shown  in  Figure  S4,  along  with  the  size  distribution  of  the  same  system  in  Solvent  1  as  a 
comparison.  Figure  S4  clearly  shows  that  without  strong  hydrogen  bonding  between  IPEI  and 
PEG,  the  micelles  decrease  in  size. 
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Z-averaged  size  (a) 


Figure  S4.  Size  distributions  of  IPEI-g-PEG  nanoparticles  in  Solvent  1,  with  strong  IPEI-PEG 
hydrogen  bonding  (Solvent  1)  and  artificially  weakened  IPEI-PEG  hydrogen  bonding 
(Solvent  1*).  See  Table  S2  for  simulation  parameters. 

To  confirm  the  qualitative  validity  of  our  parameter  choices  we  also  compared  the 
experimental  and  computational  results  for  the  effect  of  solvent  composition  on  lPEI/siRNA 
nanoparticles.  Figure  S5  shows  that  for  lPEI/siRNA  systems,  the  proposed  simulation  model  with 
the  two-state  solvent  parameters  successfully  captured  the  experimentally  observed  size  variation. 
As  the  solvent  changes  from  pure  water  to  a  70:30  (v/v)  water-DMF  mixture,  the  solvent  quality 
for  1PEI  increases  and  that  for  siRNA  decreases.  Although  the  two  solvent  effects  change  in  the 
opposite  directions,  the  1PEI  solubility  dominates  in  the  complexation  of  lPEI/siRNA,  as 
demonstrated  by  the  larger  particle  size  in  water  and  the  smaller  particle  size  in  water-DMF 
mixture  ( cf.  Figure  S5).  This  behavior  can  be  ascribed  to  the  more  flexible  backbone  and  the  larger 
contour  length  of  1PEI,  which  leads  to  more  lPEI-solvent  contacts,  whereas  the  siRNA 
predominantly  aggregates  via  lPEI-mediated  contacts. 
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Figure  S5.  Size  distributions  of  IPEI/siRNA  nanoparticles  in  water  and  in  70:30  (v/v)  water-DMF 
mixture  in  experiment  (left)  and  in  Solvent  1  and  Solvent  2,  respectively,  in  simulations  (right). 


2.3.  Equilibration  in  the  simulations  and  the  use  of  parallel  tempering 

The  siRNA  molecules,  the  lPEI-g-PEG  copolymers/lPEI  polymers  and  the  counterions  were 
initially  placed  in  a  cubic,  periodically  replicated  simulation  box  with  linear  size  100a.  To  achieve 
a  random  initial  configuration,  a  shifted  and  truncated  LJ  interaction  with  cutoff  2 1/6  a  was  used  as 
the  only  pairwise  interaction  between  any  two  particles.  After  an  equilibration  period  of  3  x  103x 
with  time  step  0.0 lx,  the  proper  LJ  interactions  (as  described  above)  and  all  electrostatic 
interactions  were  switched  on,  followed  by  a  second  equilibration  period  of  1200x.  Due  to  the 
strong  multi-chain  attractions,  in  a  typical  simulation  aggregates  only  seldom  broke  up  and 
reformed,  making  it  difficult  to  obtain  an  accurate  frequency  distribution  of  the  aggregate  size.  To 
accelerate  the  disassociation  and  reformation  of  aggregates,  we  therefore  employed  the  parallel 
tempering  method1141.  In  this  approach,  24  copies  of  the  same  system  were  simulated  in  parallel,  at 
different  temperatures  that  were  logarithmically  distributed  between  1.0  JcbT  and  2.0  kBT.  An 
exchange  between  configurations  simulated  at  adjacent  temperatures  was  attempted  every 
200  steps.  This  approach  exploits  the  larger  degree  of  fluctuations  at  higher  temperatures  to 
provide  a  pathway  for  the  simulations  at  the  original  temperature  to  transition  between  states  that 
are  separated  by  high  free-energy  barriers.  Four  to  eight  parallel  tempering  runs  were  performed 
for  each  solvent  condition,  each  for  a  period  of  4.8  x  105x  (corresponding  to  10  -  20  days  of  CPU 
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time  for  each  of  the  24  parallel  copies,  depending  on  solvent  condition).  Following  the  first  two 
equilibration  stages,  complexation  was  permitted  to  proceed  for  6  x  104x  before  sampling  was 
started. 


2.4.  Determination  of  the  aggregate  composition  and  size  distribution  in  simulation 

The  nanoparticles  or  micelles  are  aggregates  of  siRNA  and  1PEI  or  lPEI-g-PEG 
predominantly  bound  by  electrostatic  interactions.  To  determine  the  composition  of  one 
aggregate,  we  first  determined  all  the  RNA  molecules  associated  with  an  1PEI  or  lPEI-g-PEG 
polymer.  If  one  of  the  siRNA  beads  (which  were  all  negatively  charged)  was  within  a  distance  2 a 
from  an  1PEI  bead  (which  were  all  positively  charged),  the  siRNA  was  considered  to  be  associated 
with  that  1PEI  or  lPEI-g-PEG  chain.  We  then  identified  all  the  1PEI  or  lPEI-g-PEG  polymers  that 
were  sharing  at  least  one  siRNA,  and  assigned  all  the  polymers  and  siRNA  molecules  associated 
with  each  of  the  polymers  to  one  aggregate. 

Experimentally,  the  particle  size  distribution  was  determined  by  DLS,  and  reported  as  the 
intensity-averaged  distribution  of  the  hydrodynamic  diameter  of  the  particles.  The  hydrodynamic 
diameter  obtained  by  DLS  is  calculated  based  on  the  diffusion  coefficient  of  the  particle  in  the 
solvent.  For  lPEI-g-PEG/siRNA  nanoparticles,  the  PEG  blocks  are  able  to  affect  the  diffusion 
behavior  of  the  particles  and  therefore  contribute  to  the  hydrodynamic  diameter  of  the  particles. 
Therefore,  in  simulation,  we  included  the  contribution  from  PEG  blocks  in  the  particle-size 
calculation.  As  the  intensity-averaged  size  distribution  can  be  approximated  by  the  Z-averaged 
size  distribution  when  the  single-particle  scattering  factor  is  set  to  unity[15],  we  calculated  the  Z- 
averaged  radius  of  gyration  Rz, 


Rz  = 


2>,mA 

Ea ',Mf 


(3) 


in  which  N,  is  the  number  of  micelles  of  radius  of  gyration  Ri  and  mass  M„ 

Although  the  PEG  blocks  are  included  in  this  size  calculation,  one  advantage  of  simulation 
lies  in  the  flexibility  of  data  analysis.  In  Figure  S6,  we  re-analyzed  the  size  distribution  data  shown 
in  Figure  ID,  and  compared  the  particle  size  with  and  without  taking  into  account  the  PEG 
blocks.  For  Solvent  1,  the  PEG  blocks  were  seen  to  only  contribute  to  a  small  increase  in  the  size 
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of  lPEI-g-PEG/siRNA  nanoparticles.  If  the  PEG  blocks  were  not  included,  the  calculated  size  of 
the  nanoparticles  decreased  to  an  average  similar  to  that  of  the  lPEI/siRNA  nanoparticles 
(Figure  S5),  but  with  a  different  distribution,  suggesting  that  the  size  increase  in  Figures  1A  and 
IB  should  not  be  ascribed  to  the  inclusion  of  PEG  blocks  alone.  On  the  other  hand,  for  Solvent  2 
the  PEG  blocks  contributed  greatly  to  the  calculated  size  increase  of  lPEI-g-PEG/siRNA  micelles, 
due  to  the  fact  that  the  higher  solubility  of  1PEI  yielded  a  less  compact  core  with  a  more  diffuse 
PEG  corona. 


23456789 

Z-averaged  size  (a) 

Figure  S6.  Size  distributions  of  nanoparticles  in  Solvent  1  and  Solvent  2  from  simulations.  In 
addition  to  the  distributions  of  Figure  ID,  two  size  distributions  for  IPEI-g-PEG/siRNA 
nanoparticles  in  Solvent  1  and  Solvent  2  are  included,  for  which  PEG  blocks  are  not  included  in 
the  size  calculation  (labeled  by  IPEI-g-PEG*). 
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Nanoparticle-mediated  delivery  of  therapeutics  holds  great  potential  for  the  diagnosis  and  treatment  of  a 
wide  range  of  diseases.  Significant  advances  have  been  made  in  the  design  of  new  polymeric  nanoparticle 
carriers  through  modulation  of  their  physical  and  chemical  structures  and  biophysical  properties.  Nano¬ 
particle  shape  has  been  increasingly  proposed  as  an  important  attribute  dictating  their  transport  pro¬ 
perties  in  biological  milieu.  In  this  review,  we  highlight  three  major  methods  for  preparing  polymeric 
nanoparticles  that  allow  for  exquisite  control  of  particle  shape.  Special  attention  is  given  to  various 
approaches  to  controlling  nanoparticle  shape  by  tuning  copolymer  structural  parameters  and  assembly 
conditions.  This  review  also  provides  comparisons  of  these  methods  in  terms  of  their  unique  capabilities, 
materials  choices,  and  specific  delivery  cargos,  and  summarizes  the  biological  effects  of  nanoparticle 
shape  on  transport  properties  at  the  tissue  and  cellular  levels. 
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Introduction 

Therapeutic  delivery  using  polymeric  nanoparticles  has 
received  considerable  attention  for  a  wide  range  of  biological 
applications,  including  drug  and  gene  delivery,  tissue  engin¬ 
eering  and  regenerative  medicine,  and  the  detection  of  bio¬ 
markers  and  diagnosis  of  disease  states. 1-4  The  potential  cargo 
delivered  by  nanoparticles  is  vast:  some  of  the  most  common 
include  small  molecular  weight  compounds,  chemotherapeu- 


John-Michael  Williford 


John-Michael  Williford  is  a  Ph.D. 
candidate  in  the  Biomedical 
Engineering  Program  at  Johns 
Hopkins  University  School  of 
Medicine.  His  thesis  research  in 
Prof.  Hai-Quan  Mao’s  Lab 
involves  developing  methods  and 
mechanism  of  shape  control  of 
polymer/DNA  nanoparticles  and 
engineering  shape  tunability  in 
DNA  nanoparticles  for  gene 
delivery  applications.  John- 
Michael  received  his  B.S.  in  bio¬ 
medical  engineering  from  The 
University  of  Akron  in  2010. 


Dr  Jose  Luis  Santos  completed 
his  Ph.D.  in  Materials  Chemistry 
at  the  University  of  Madeira  in 
Portugal  in  2009.  His  graduate 
research  focused  on  the  develop¬ 
ment  of  dendrimers  to  deliver 
nucleic  acids  to  stem  cells  for 
regenerative  medicine  appli¬ 
cations.  He  conducted  his  post¬ 
doctoral  research  on  dynamic 
self-assembly  of  block  copoly¬ 
mers  for  nanoparticle  engineer¬ 
ing  with  Prof.  Margarita 
Herrera-Alonso  in  the  Depart¬ 
ment  of  Materials  Science  and  Engineering  at  Johns  Hopkins  Uni¬ 
versity  from  2010  to  2014.  Currently,  Dr  Santos  is  a  research 
associate  in  Prof.  Hai-Quan  Mao’s  Lab  at  the  Institute  for  Nano¬ 
BioTechnology  developing  polyelectrolyte  nanoparticles  for  thera¬ 
peutic  delivery. 


Jose  Luis  Santos 


This  journal  is  ©  The  Royal  Society  of  Chemistry  2015 


Biomater.  Sci. 


Published  on  03  March  2015.  Downloaded  by  Johns  Hopkins  University  on  08/06/2015  15:34:15. 


View  Article  Online 


Review 

tics,  proteins,  nucleic  acids,  and  imaging  and  diagnostic 
agents. 5-9  While  new  systems  continue  to  be  developed, 
success  of  nanoparticle  delivery  in  vivo  is  often  limited,  par¬ 
ticularly  following  systemic  administration  where  less  than  5% 
of  the  total  dose  successfully  reaches  the  target  site.10’11 
Improving  the  delivery  efficiency  of  nanoparticles  is  para¬ 
mount  to  fully  harness  their  potential  as  both  a  research  tool 
and  as  a  potential  pharmaceutical  agent.  For  these  reasons, 
renewed  focus  has  been  given  to  engineering  nanoparticles 
through  modulation  of  a  specific  physical  characteristic,  nano¬ 
particle  shape.  Natural  pathogens,  such  as  viruses,  often 
display  unique  shapes,  ranging  from  spherical  Heptatitis  A 
virons  to  micron-sized,  worm-shaped  Ebola  virons. 12,13  While 
shape  is  not  the  only  factor  that  guides  the  tissue  tropism  of 
the  virus,  applying  it  to  nanoparticle  engineering,  particularly 
for  polymeric  nanoparticles,  holds  great  potential  for  thera¬ 
peutic  delivery  applications.  In  this  review,  we  highlight  the 
key  methods  and  materials  used  to  generate  polymeric  nano¬ 
particles  with  controlled  shapes.  Using  these  tools,  studies 
have  begun  to  reveal  the  biological  responses  to  nanoparticles 
with  controlled  shapes,  leading  to  significant  differences  at 
the  cellular  level,  tissue  level,  and  systemic  level. 

Methods  of  preparing  polymeric 
nanoparticles  with  controlled  shapes 

Lithography-based  methods 

Particle  replication  in  nonwetting  template  (PRINT)  method. 

PRINT  is  the  most  popular  among  several  photolithography 
techniques  that  have  been  developed  to  prepare  polymeric 
nanoparticles  with  controlled  sizes.  It  is  a  top-down  approach 
that  utilizes  highly  fluorinated  surfaces,  which  are  nonwetting 
to  the  materials  being  used  to  generate  nanoparticles.14 
Because  of  this,  it  is  much  easier  to  shape  and  harvest 
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particles  using  PRINT,  particularly  in  the  nanometer  scale, 
whereas  other  lithography  techniques  develop  a  residual  film 
between  the  desired  object  and  the  mold  due  to  interactions  at 
the  interface15  (Fig.  la).  This  method  allows  for  the  formation 
of  polymeric  nanoparticles  in  the  micro-  and  nano-scale  size 
ranges  with  a  high  degree  of  uniformity.15,16  The  range  of 
shapes  that  can  be  produced  through  PRINT  fabrication  is  also 
very  wide;  particles  can  range  from  cubic/cylindrical  with  an 
aspect  ratio  of  1,  to  worm-like  with  an  aspect  ratio  as  high  as 
60. 17-19  A  variety  of  materials  can  also  be  used  to  formulate 
these  particles,  including  hydrogels  comprised  of  crosslinked 
polyethylene  glycol)  (PEG), 15,18-20  solid  particles  formulated 
with  poly(lactic  acid)  (PLA)  and  poly(lactic  acid-co-glycolic  acid) 
PLGA, 17,21,22  as  well  as  biopolymer-based  particles  formulated 
with  serum  albumin  and  insulin.23,24  Incorporation  of  various 
cargos  for  therapeutics  and  diagnostics  have  been  achieved, 
including  chemotherapy  drugs,17,22  siRNA, 20,21  RNA  repli- 
cons,24  and  contrast  agents.25  Recent  advances  in  PRINT  tech¬ 
nology  also  allow  for  the  fabrication  of  Janus  particles  and 
end-labeled  particles.26  A  study  by  Morton  et  al.  demonstrated 
a  spray  method  to  incorporate  layer-by-layer  (LZjL)  coatings 
onto  the  surface  of  PRINT  fabricated  nanoparticles,  providing 
a  method  for  particle  synthesis  with  precise  control  of  nano¬ 
particle  size,  shape,  and  surface  characteristics.27  Importantly, 
the  PRINT  process  can  be  performed  in  small  batches  as  well 
as  a  continuous,  automated  roll-to-roll  system,  providing  a 
large-scale  production  system  for  potential  clinical  appli¬ 
cations.14 

Step  and  flash  imprint  lithography  (S-FIL).  S-FIL  method 
has  also  been  used  to  generate  polymeric  nanoparticles  with 
controlled  sizes.28-31  S-FIL  is  a  commercially  available  lithogra¬ 
phy  technique  that  utilizes  a  patterned  quartz  template  to 
mold  photocrosslinkable  solutions  into  defined  patterns  on  a 
silicon  surface.28  Compared  to  the  PRINT  method,  S-FIL  offers 
advantages  in  ease  of  particle  harvesting  through  the  use  of  a 
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Fig.  1  Several  methods  have  been  developed  to  control  the  shape  of  polymeric  nanoparticles  for  therapeutic  delivery  applications.  (A)  PRINT  tech¬ 
nology  allows  for  the  generation  of  particles  with  controlled  shapes  and  surface  chemistries  through  harvesting  from  polymer  molds  with  low 
surface  energy;14  (reprinted  with  permission,  ®2013  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim)  (B)  Two  distinct  methods  for  generating  nano¬ 
particles  with  nonspherical  shapes  through  stretching  and  liquefication  of  precursor  films,  leading  to  the  formation  of  rod  shaped  and  barrel  shaped 
particles;32  (®2007  National  Academy  of  Sciences,  USA)  (C)  Self-assembly  of  PEG-polycation/DNA  nanoparticles  in  solutions  with  varying  solvent 
polarity  leads  to  the  formation  of  different  shapes,  including  spheres,  rod-like,  and  worm-like  particles.125  (reprinted  with  permission,  ®2013  Wiley- 
VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim.) 


water-soluble  PVA  release  layer,28’30  whereas  PRINT  requires 
surgical  blades  or  shear  forces  to  release  the  particles.28  S-FIL 
still  allows  for  precise  control  of  particle  size  and  shape,  with 
feature  sizes  down  to  50  nm.  S-FIL  has  primarily  been  used  to 
generate  PEG  hydrogel-based  nanoparticles,  which  have  been 
loaded  with  biomolecules  including  antibodies,  nucleic  acids, 
and  anticancer  drugs.29  In  addition,  this  method  has  been 
used  to  incorporate  stimuli-sensitive  materials  into  the  nano¬ 
particle  matrix,  allowing  for  the  release  of  cargo  under  physio¬ 
logical  conditions  through  enzyme-mediated  cleavage  of  the 
carrier  materials.28 

Membrane  stretching  methods 

Another  method  for  generating  polymeric  nanoparticles  with 
different  shapes  involves  the  stretching  of  spherical  particles 
into  complex  shapes  (Fig.  lb). 32-38  Spherical  particles,  typically 
polystyrene  (PS)  with  diameters  ranging  from  60  nm  to  10  pm, 
are  suspended  in  a  solution  of  poly(vinyl  alcohol)  (PVA)  and 
generated  into  films,  liquefied  in  solvent  or  heated  above  the 
glass  transition  temperature,  and  stretched  in  one  or  two 
dimensions  to  generate  aspherical  shapes,  typically  rods  or 
elliptical  disks,  with  aspect  ratios  ranging  from  2  to  15. 32  A 
second  method  involves  stretching  the  PVA  film  first,  followed 


by  liquefying  the  spherical  particles  to  fill  the  void  left  in  the 
PVA  film.  This  method  can  be  used  to  generate  barrel  and 
lens-shaped  objects.32  In  addition  to  PS,  PLGA  has  also  been 
used  to  generate  stretched  particles.33’34  Conjugation  of  anti¬ 
bodies  for  tissue-specific  targeting,  including  anti-ICAM-1  and 
anti-transferrin  for  lung  and  brain  delivery,  respectively,  has 
been  successfully  demonstrated.38 

Self-assembly  methods 

Self-assembly  of  amphiphilic  copolymers.  Self-assembly  of 
amphiphilic  copolymers  in  aqueous  or  organic  media  has 
been  widely  used  to  generate  nanoparticles.  This  bottom-up 
approach  relies  on  the  spontaneous  assembly  of  single  or  mul¬ 
tiple  block  copolymers  to  generate  micellar  nanoparticles  with 
well-defined  shapes.  These  amphiphilic  copolymers  are  com¬ 
posed  of  two  or  more  blocks  with  distinct  polarities,  and  when 
placed  in  selected  solvents  can  form  supramolecular  assem¬ 
blies  as  a  result  of  the  thermodynamic  incompatibility 
between  the  different  blocks.39-42  The  final  aggregate  mor¬ 
phology  is  dependent  on  the  hydrodynamic  volume  fraction  of 
one  block  with  respect  to  the  other;  the  interfacial  tension 
between  the  aggregate  and  the  solvent  mixture,  and  the  kine¬ 
tics  of  phase  separation,  which  is  dictated  by  the  method  used 
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to  trigger  the  self-assembly  of  copolymers.  The  typical  struc¬ 
tures  formed  by  these  amphiphilic  macromolecules  comprise 
spherical  micelles,  cylindrical  or  worm-like  micelles  and 
bilayer  structures  ( i.e .  polymersomes).  In  addition,  more 
complex  aggregate  morphologies  including  toroidal,  disc-like, 
and  compartmentalized  particles  have  been  engineered  by 
fine-tuning  the  block  lengths  or  molecular  weights,  polymer 
architecture,  and  chemical  composition.43-45  Aside  from  the 
molecular  characteristics  of  block  copolymers,  the  method 
used  to  trigger  the  self-assembly  of  copolymers  is  crucial  to 
the  generated  micelle  morphology. 

Conventional  methods  for  synthesizing  block  copolymer 
nanoparticles  involve  the  slow  addition  of  a  block  copolymer 
dissolved  in  water-miscible  organic  solvent  into  a  larger  quan¬ 
tity  of  water,  resulting  in  the  formation  of  aggregates  at  near 
thermodynamically  equilibrated  state.  This  method  has  fre¬ 
quently  been  used  to  study  the  kinetics  of  copolymer  nano¬ 
particle  formation  and  to  isolate  aggregates  of  unique 
morphologies.44’45  Although  nanoparticles  with  various  sizes 
and  shapes  have  been  prepared  using  this  method  as  drug 
delivery  carriers  and  diagnostic  devices,46’47  the  slow  mixing 
kinetics  (occurs  typically  at  a  time  scale  of  seconds)  in  com¬ 
parison  with  the  aggregation  events,  and  the  highly  hetero¬ 
geneous  nature  of  the  mixing  conditions  yield  nanoparticle 
preparations  with  poorly  controlled  size  and  with  broad  distri¬ 
bution,  poor  colloidal  stability,  and  low  drug  encapsulation 
efficiency. 

To  address  these  challenges,  methods  to  improve  the  uni¬ 
formity  of  mixing  and  phase-separation  kinetics  and  to  acceler¬ 
ate  the  mixing  rates  have  been  developed  recently.  For 
example,  microfluidic  mixing  devices  have  been  developed  to 
yield  more  uniform  mixing;  and  preparations  based  on  con¬ 
fined  impinging  jets  and  multi-inlet  vortex  mixers  rely  on 
rapid  mixing  in  a  time  scale  of  milliseconds.  Compared  to  con¬ 
ventional  methods,  these  new  techniques  allow  for  the  for¬ 
mation  of  smaller  and  uniform  aggregates  in  a  continuous 
process,  which  is  amenable  for  easier  scale-up.  They  also  offer 
a  higher  degree  of  versatility  and  control  over  particle  size  and 
distribution,  higher  drug  encapsulation  efficiency,  and 
improved  colloidal  stability.48’49 

These  methods  have  predominantly  been  adopted  for  pre¬ 
paring  spherical-like  nanoparticles  from  block  copolymers. 
Only  recently,  the  Moffitt’s  group  has  established  conditions  to 
tune  aggregate  shape  using  microfluidic  devices.50-53  They 
employed  a  gas-liquid  multiphase  microfluidic  reactor,  in 
which  argon  gas  is  introduced  into  the  merged  liquid  streams, 
compartmentalizing  the  colaminar  flow  into  segmented  liquid 
plugs.  The  chaotic  advection  observed  within  the  liquid  plugs 
enables  fast  mixing  (~1  s)  between  water  and  polystyrene-Z?- 
poly(aciylic  acid)  copolymer  solution  triggering  the  formation 
of  aggregates.  The  aggregates  are  subsequently  exposed  to 
strong  and  localized  shear  forces  through  the  processing 
channel  resulting  in  the  formation  of  a  myriad  of  aggregate 
structures  including  Y-Junctions,  cylinders,  vesicles  and  net¬ 
works.  The  interplay  between  the  chemical  conditions  (copoly¬ 
mer  concentration,  solvent  polarity,  and  ionic  strength)  and 
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flow  kinetics  enables  the  control  over  the  size  and  the  shape  of 
the  final  aggregate.50-52  Another  interesting  example  by  Forster 
et  al.  shows  that  one  can  also  prepare  size-controlled  unilamel¬ 
lar  copolymer  vesicles  in  a  fast,  continuous  and  reproducible 
fashion  using  perpendicular  hydrodynamic  flow  focusing  in  a 
microfluidic  device.54 

Another  approach  to  improve  micelle  stability  and  drug 
release  kinetics  is  to  directly  conjugate  hydrophobic  drugs  to 
the  polymer  block  forming  the  core  of  the  micelles.55-63  The 
ability  to  create  multiple  aggregate  morphologies  from  a  single 
copolymer  is  particularly  attractive  for  investigating  the  effect 
of  shape  on  aggregate  stability,  cellular  internalization, 
trafficking,  and  drug  delivery.  In  a  recent  example,  Hu  et  al. 
synthesized  polyprodrug  amphiphiles  consisting  of  polyethy¬ 
lene  glycol  (PEG)  and  a  reduction-responsive  camptothecin 
prodrug  block  to  prepare  particles  of  different  shape  including 
spheres,  smooth  disks,  flower-like  large  compound  vesicles 
(LCVs),  and  staggered  lamellae  with  spiked  periphery.64  The 
self-assembled  nanostructures  were  prepared  under  highly 
controlled  mixing  rate  and  concentrations;  and  particles  with 
various  shapes  were  prepared  depending  on  the  water  addition 
rate  and  the  organic  solvent  polarity.  The  study  has  shown  that 
particle  shape  plays  a  critical  role  in  particle-cell  interaction 
and  in  vivo  biodistribution.  The  staggered  lamellae  nanoparti¬ 
cles  exhibited  the  fastest  cellular  uptake  and  highest  stability 
in  biological  media.  In  addition,  the  blood  circulation  half-life 
of  these  nanoparticles  was  nearly  15-fold  higher  than  their 
spherical  analogue.  In  another  study,  Geng  et  al.  found  that 
self-assembly  of  PEG-ft-polycaprolactone  (PCL)  copolymers  in 
water  led  to  the  formation  of  long,  filamentous  particles, 
which  they  termed  filomicelles.65  The  filomicelles  in  aqueous 
medium  displayed  lengths  ranging  from  2  microns  up  to 
20  microns,  and  filomicelles  loaded  with  paclitaxel  were  also 
successfully  prepared  for  anticancer  applications. 

Conventional  copolymer  micelles  as  drug  delivery  carriers, 
however,  may  exhibit  limited  stability  following  the  extreme 
dilution  upon  systemic  delivery  or  as  a  result  of  serum  protein- 
copolymer  interaction  and  blood  flow  stress.66  Additionally, 
the  rapid  dissociation  of  drug-loaded  copolymer  micelles  in 
the  bloodstream  leads  to  deficient  drug  accumulation  in  the 
tumor  and  undesired  side  effects.  To  suppress  these  limit¬ 
ations,  several  research  groups  have  introduced  crosslinkable 
copolymer  micelles  that  present  both  prolonged  circulation 
in  vivo  and  a  better  control  over  their  drug-release 
properties.67-69  Traditionally,  crosslinkable  copolymer  micelles 
can  be  prepared  through  the  addition  of  crosslinking  agents 
that  will  react  with  functional  domains  present  in  the  block 
copolymer  micelle.  Three  main  strategies  have  been  pursued: 
(i)  core-crosslinked  stabilized  copolymer  micelles,  where  cross- 
linking  occurs  either  at  the  hydrophobic  chain-end  or  along 
the  hydrophobic  chain;  (ii)  core-shell  interface  stabilized  copo¬ 
lymer  micelles;  and  (iii)  shell-crosslinked  stabilized  micelles. 
The  location  at  which  the  crosslinking  occurs  as  well  as  the 
extent  of  crosslinking  significantly  impaacts  the  physicochem¬ 
ical  properties  of  the  final  aggregate  structures.  Furthermore, 
stimuli-responsive  crosslinked  copolymer  micelles  can  be 
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prepare  by  introducing  bifunctional  crosslinking  agents  that 
respond  to  external  stimuli  such  as  temperature,  light,  pH  and 
redox  agents. 67,70-75  The  Wooley  group  has  developed  several 
shell  crosslinked  copolymer  micelles  for  the  delivery  of  thera¬ 
peutics  or  as  theranostic  devices.71’76’77  In  an  elegant  example, 
they  prepared  crosslinked  copolymer  micelles  of  different 
shape,  spheres  and  cylinders  with  different  aspect  ratios,  to 
which  a  cell  penetrating  peptide  (HIV  Tat  PTD)  was  conju¬ 
gated.  Both  the  aggregate  shape  and  the  amount  of  peptide 
conjugated  were  found  to  play  a  role  in  the  endocytosis  and 
exocytosis  of  the  aggregates  evaluated.78 

Unimolecular  micelles  prepared  from  molecular  amphiphi¬ 
lic  brush-like  polymers  (MABPs)  are  an  attractive  alternative 
since  their  covalent  nature  ensures  micellar  stability  without 
compromising  the  drug  release  profile  or  biodegradability.79-81 
MABPs  are  macromolecules  comprised  of  a  linear  polymer 
backbone  and  densely  grafted  polymer  side  chains.82’83 
Trigger-sensitive  unimolecular  micelles  can  be  prepared  to 
achieve  on-demand  release  of  encapsulated  drugs.  For 
example,  aggregates  resembling  unimolecular  micelles  of  size 
ranging  from  6  to  50  nrn  containing  10-400  doxorubicin  or 
camptothecin  molecules  per  brush  have  been  prepared.  In  this 
micelle  system,  drug  molecules  were  fully  protected  by  the 
dense  PEG  chains  and  released  in  its  free  form  upon 
irradiation  with  UV  light. 84,85  Incorporation  of  pH-  and  redox- 
cleavable  linkers  in  a  similar  manner  can  expand  the  utility  of 
MABPs  for  the  delivery  of  anticancer  drugs.86  Johnson  et  al. 
have  synthesized  nanoparticles  with  stimuli-responsive  dual 
MRI  and  NIR  optical  fluorescence  imaging  capabilities.81  The 
brush  polymers  contained  nitroxide  radicals  that  in  the  native 
state  partially  quench  the  fluorescence  intensity  of  the  NIR 
dye.  Upon  exposure  to  ascorbate  or  ascorbate/glutathione  in 
cancer  cells,  nitroxide  radicals  are  reduced,  resulting  in  a 
significant  decrease  of  the  MRI  contrast  and  concomitant 
increase  of  the  fluorescence  intensity.  The  high  in  vivo  stabi¬ 
lity,  long  circulation  time,  and  the  easy  to  conjugate  cellular 
targeting  moieties  to  these  MABP  micelles  make  them  appeal¬ 
ing  as  theranostic  devices  for  tumor  imaging  and  treatment. 

Negatively  charge  polymers,  such  as  polyaciylate  and 
nucleic  acid,  can  also  be  used  as  the  hydrophilic  block  instead 
of  PEG  to  construct  amphiphilic  micelles.  For  example,  poly- 
(aciylic  acid)-/;- polystyrene  (PAA-i-PS)  block  copolymers  can 
self  assemble  into  micelles  with  different  shapes  either  by 
changing  the  block  lengths  of  PAA  and  PS,  or  by  varying 
solvent  polarity.  Furthermore,  the  micelle  shape  can  be  reversi¬ 
bly  transformed  from  spheres  to  rods  to  vesicles  through 
modulation  of  solvent  polarity  even  after  micelles  are 
formed.87,88  More  relevant  to  biomedical  application,  self- 
assembly  of  nucleic  acid-based  amphiphiles  is  highlighted  in 
a  recent  review  by  Kwak  and  Herrmann.89  In  these  assemblies, 
the  oligonucleotide  chain,  mostly  DNA,  is  conjugated  to  a 
hydrophobic  polymer  chain,  forming  either  linear  block  co¬ 
polymer  or  brush-like  graft  copolymer.  These  DNA-based 
amphiphiles  self-assemble  into  micellar  nanoparticles  with 
different  shapes,  including  spherical  particles,  vesicles,  rod¬ 
like  particles,  and  long  cylinders.90’91  Shape  control  is  achieved 
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based  on  the  same  assembly  principle  as  discussed  above  via 
tuning  copolymer  composition  and  architecture  of  the  block 
copolymers,  and  solvent  conditions.  The  length  of  the  oligonu¬ 
cleotides  used  in  these  DNA  amphiphiles  typically  is  on  the 
order  of  tens  to  hundreds  of  base  pairs.  Incorporation  of 
longer  chains,  including  functional  DNA  sequences  or  plasmid 
DNA,  has  not  been  reported.  Use  of  this  strategy  for  the  deliv¬ 
ery  of  siRNA  or  antisense  oligonucleotides,  however,  may  be  of 
interest  for  the  field. 

Self-assembly  through  complimentary  base-pairing.  Recent 
studies  have  also  reported  the  generation  of  complex  nano¬ 
structures  through  complementary  base-pairing  of  DNA  mole¬ 
cules  and  other  short  stranded  oligonucleotides.92  Because  of 
the  self-recognition  of  complementary  DNA  strands,  a  multi¬ 
tude  of  complex  two-  and  three-dimensional  assemblies  can 
be  rationally  designed,  ranging  from  dendritic  structures, 
cubes,  polyhedrons,  and  nanotubes.92-97  Concerns  exist  over 
the  stability  of  DNA  nanostructures  against  nuclease  degra¬ 
dation,  although  studies  have  shown  that  the  nanostructures 
exhibit  less  degradation  than  nucleotides  themselves.98-100 
These  DNA  nanoparticles  have  also  been  used  for  therapeutic 
delivery  applications,  including  small  molecule  drugs,  anti¬ 
bodies,  nucleic  acids,  and  vaccine  adjuvants.92’101-105  Lee  et  al. 
have  developed  a  DNA  tetrahedron,  generated  through  comp¬ 
lementary  base-pairing  of  single  stranded  oligonucleotides, 
capable  of  packaging  and  delivering  small  interfering  RNA 
(siRNA)  to  silence  genes  of  interest  in  tumors.106  One  unique 
advantage  of  this  method  is  the  ability  to  precisely  control  the 
density  and  the  spatial  orientation  of  ligand  placement  of  tar¬ 
geting  ligands  independently  in  the  context  of  improving 
transfection  efficiency.  This  assembly  approach  has  also  been 
extended  to  RNA.107-109  Recently,  Afonin  et  al.  have  employed 
an  in  silico  design  strategy  to  synthesize  functional  RNA  nano¬ 
particles  in  the  form  of  nanocubes  and  nanorings.110  While 
these  assembled  structures  are  capable  of  packaging  multiple 
siRNA  sequences,  their  utility  was  hindered  by  similar  factors 
that  affect  naked  RNA  delivery  in  vivo,  such  as  degradation  by 
nucleases,  lack  of  cell  uptake,  and  rapid  clearance.  To  over¬ 
come  these  shortcomings,  cationic  amphiphiles  were  used  as 
carriers  to  effectively  deliver  the  RNA  payload.  In  this 
approach,  the  RNA  molecules  designed  to  have  unique  shapes 
were  further  condensed  into  spherically  shaped  micelles  when 
complexed  with  an  amphiphile.111 

An  alternative  strategy  to  improve  the  RNA  stability  is  to 
generate  oligomerized  RNA  sequences.  Shopsowitz  et  al.  have 
reported  a  method  to  synthesize  a  RNA  microsponges 
(~500  nm)  densely  loaded  with  RNA  generated  from  a  circular 
DNA  template.112  These  RNAi  microsponges  were  condensed 
into  complexes  and  successfully  mediated  gene  knockdown 
when  used  with  Lipofectamine  and  linear  polyethylenimine 
(1PEI)  as  the  transfection  agents  in  vitro  and  in  vivo  in  a  mouse 
tumor  model.113  While  shape  control  using  DNA  and  RNA  as 
building  blocks  has  been  possible,  controlling  the  shapes 
of  nanoparticles  following  condensation  of  these  species 
with  polycations  remains  a  challenge  that  continues  to  be 
addressed. 
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Self-assembly  of  polyelectrolytes.  Self-assembly  of  oppositely 
charged  polyelectrolytes  defines  a  class  of  nanoparticles  called 
complex  core  micelles,  also  referred  to  as  polyion  complex 
micelles.114  These  micelles  exhibit  a  unique  core-shell  struc¬ 
ture,  with  the  polyelectolyte  complex  forming  a  stable  core  sur¬ 
rounded  by  a  neutral,  hydrophilic  corona.  Complex  core 
micelle  formation  has  been  reviewed  in  several  papers, 114-116 
although  shape  control  of  such  assemblies  has  not  received 
significant  attention  until  recently.  DNA  as  a  unique  polyanion 
itself  has  been  used  as  a  building  block  to  generate  a  variety  of 
complex  core  micelles  with  different  shapes.117-119  Using  PEG- 
fc-poly(i.-lysine)  (PEG-Zt-PLL)  copolymers  to  package  the 
plasmid  DNA,  Osada  et  al.  found  that  the  length  of  the  PLL 
segment  significantly  influenced  the  shape  of  the  micelle.120 
Short  PLL  blocks  led  to  the  formation  of  rod  and  toroid-like 
particles,  whereas  longer  PLL  blocks  led  to  spherical  shapes. 
Further  tuning  of  the  length  of  the  PLL  segment  could  be  used 
to  control  the  length  of  the  rod-like  shapes,  with  short  PLL  seg¬ 
ments  (degree  of  polymerization  of  19)  forming  rod  lengths 
greater  than  200  nm,  and  longer  PLL  segments  (degree  of 
polymerization  of  70)  generating  rods  with  lengths  of 
50-100  nm. 121,122  It  appears  that  the  PEG  chain  crowdedness 
[i.e.  PEG  chain  density  on  micelle  core  surface)  as  a  key  factor 
in  controlling  micelle  rod  length.122,123  For  shorter  PLL  seg¬ 
ments,  a  greater  amount  of  polymer  is  needed  to  neutralize 
the  DNA  charge,  resulting  in  a  higher  density  of  PEG  on 
micelle  surface.  Due  to  steric  repulsion  of  the  PEG  chains,  the 
micelles  tend  to  elongate  to  provide  additional  surface  area  for 
the  PEG  corona.  In  a  separate  study  using  /V-(2-hyd  roxypropyl ) 
methacrylamide  (HPMA)  as  the  hydrophilic  block,  Shi  et  al. 
showed  that  the  molecular  weight  of  PLL  in  a  HPMA-b-PLL 
copolymer  also  effectively  changed  the  shape  of  complex  core 
micelles  formed  with  plasmid  DNA.124  Nanoparticles  formed 
with  copolymers  containing  longer  PLL  block  exhibited  higher 
aspect  ratios  than  that  with  shorter  PLL  blocks,  which  exhibi¬ 
ted  more  spherical  shapes. 

Interestingly,  solvent  quality  and  polarity  has  been  shown 
to  significantly  influence  the  shape  control  in  this  complex 
core  assembly.  A  recent  study  by  Jiang  et  al.  has  demonstrated 
the  feasibility  of  shape  variation  of  DNA-polycation  nanoparti¬ 
cles  using  a  single  PEG-Zt-polyphosphoramidate  (PEG-Zj-PPA) 
block  copolymer  and  plasmid  DNA  by  tuning  solvent  polarity 
(Fig.  lc).125  When  polyelectrolyte  complexes  were  formed  in 
water-dimethylformamide  (DMF)  or  dimethyl  sulfoxide 
(DMSO)  mixture  solvents  with  different  volume  ratios,  PEG-Z?- 
PPA/DNA  micelles  assumed  different  shapes  ranging  from 
worm-like  shapes  in  water  to  rod-like  and  spherical  shapes  in 
lower  polarity  solvents.  A  similar  reversible  shape  transform¬ 
ation  process  as  shown  for  amphiphilic  block  copolymers88 
was  also  observed  for  these  DNA-containing  micelles  by  titrat¬ 
ing  solvent  with  water  or  DMF  after  the  complexation  and 
micelle  formation,  allowing  shape  tuning  from  spheres  to  rod¬ 
like  and  worm-like  shapes,  and  vice  versa.  More  interestingly, 
this  shape  tuning  technique  yielded  micellar  particles  with  a 
high  degree  of  shape  uniformity.  It  is  important  to  point  out 
that  despite  of  the  similarity  in  shape  control  with  amphiphilic 
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block  copolymer,  the  mechanism  for  micelle  assembly  and 
shape  control  is  distinctly  different  for  these  complex  core 
micelles.  Molecular  dynamics  simulations  revealed  that  the 
DNA  plasmid  serves  as  both  a  functional  payload  and  as  a 
shape  template  as  the  conformation  of  DNA  in  each  solvent 
condition  dictated  the  final  shape  of  the  micelle,  and  that  the 
DNA  chain  rigidity  and  solvent-DNA  interaction  are  key  factors 
influencing  micelle  shape  control  in  this  micelle  system.  In 
addition,  maximization  of  PEG  entropy  in  the  solvent  is  essen¬ 
tial  to  ensure  shape  conversion  in  these  micelles,  as  nanoparti¬ 
cles  prepared  without  the  PEG  block  only  exhibited  more 
condensed  spherical  shapes  in  all  solvents. 

It  is  important  to  note  that  this  micelle  assembly  strategy  is 
not  limited  to  block  copolymer  of  PEG  and  polycations;  poly- 
cation-g-PEG  graft  copolymers  are  also  able  to  condense  plasmid 
DNA  into  micellar  nanoparticles  with  distinct  shapes.126  Com¬ 
pared  with  block  copolymer  carriers,  graft  copolymers  offer 
much  wider  parameter  space  for  method  optimization  to  control 
micelle  shapes  and  stability,  including  for  example,  PEG  graft 
density  and  the  molecular  weight  of  the  PEG  grafts. 

One  common  limitation  of  polyelectrolyte  micelles  is  their 
stability  in  physiological  medium.  One  strategy  to  stabilize  the 
micelles  in  ionic  buffers  is  to  introduce  reversible  cross¬ 
links.127’128  This  method  was  employed  to  effectively  preserve 
the  size  and  shape  of  PEG-Zt-PPA/DNA  micelles  following 
solvent  exchange  to  remove  organic  solvent.125 

Shape  transforming  nanoparticles 

Nanoparticles  with  discrete  shapes  and  the  capability  to  trans¬ 
form  their  shape  in  response  to  an  external  stimulus  are  par¬ 
ticularly  attractive,  as  it  is  possible  to  combine  different  sets  of 
properties  into  one  nanoparticle  system.  A  recent  study  by  Yoo 
and  Mitragotri  showed  that  rod-like  PLGA  particles  generated 
by  the  particle  stretch  method  were  able  to  transform  their 
shape  to  spheres  in  response  to  a  change  of  external  stimulus 
including  pH,  temperature,  or  chemical,  during  time  scales 
ranging  from  minutes  to  hours  (Fig.  2a).33  Mechanistic  studies 
revealed  that  a  balance  between  the  viscoelastic  property  of  the 
polymer  and  the  interfacial  tension  between  the  polymer  and 
surrounding  media  were  the  two  main  factors  influencing 
shape  transformation  kinetics.  Another  study  by  Chien  et  al. 
utilized  DNA-amphiphile  micelles  to  demonstrate  controllable 
shape  transformation  (Fig.  2b).91  The  DNA  brush  component 
of  the  micelle  contained  a  sequence  specific  cleavage  site,  and 
upon  treatment  with  an  enzyme  specific  for  this  sequence,  the 
micelles  transformed  from  25  nm  spheres  to  micron-length 
cylinders.  On  the  other  hand,  this  shape  transition  could  be 
reversed  by  addition  of  a  single  strand  DNA  sequence  comp¬ 
lementary  to  the  DNA  remaining  in  the  micelle,  leading  to  the 
reformation  of  25  nm  spheres.  Surprising,  such  a  shape  trans¬ 
formation  process  can  also  be  achieved  for  micellar  nanoparti¬ 
cles  with  a  complex  core  prepared  from  plasmid  DNA  and 
PEG-polycation  copolymer.  A  recent  study  by  Williford  et  al. 
reported  the  worm-like  micelles  that  were  prepared  by  com¬ 
plexation  between  plasmid  DNA  and  lPEI-g-PEG  with  a  2  mol% 
PEG  (MW10  lcDa)  grafted  to  lPEI  (MW17  kDa)  through  di- 
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Fig.  2  Several  recent  studies  have  developed  polymeric  nanoparticles  capable  of  shape  transformation  in  response  to  external  stimuli.  (A)  PLGA 
polymer  particles  can  transform  their  shape  from  rod-like  to  spherical  on  time  scales  ranging  from  minutes  to  hours  in  response  to  external  triggers 
such  as  various  chemicals,  pH  changes,  and  temperature  changes;33  (B)  Self-assembled  DNA  brush  polymer  micelles  undergo  shape  transformation 
from  spherical  to  cylindrical  particles  upon  enzymatic  cleavage  of  a  fraction  of  the  brush  segment,  which  can  be  reversed  by  re-introducing  a  similar 
DNA  segment  through  complementary  base  pairing;91  (reprinted  with  permission,  ®2010  Wiley- VCH  Verlag  GmbH  b  Co.  KGaA,  Weinheim)  (C)  Shape 
transformation  of  polymer/DNA  micelles  can  be  achieved  through  cleavage  of  a  fraction  of  the  PEG  chains  on  the  micelle  surface,  leading  to  a  tran¬ 
sition  from  worm-like  shapes  to  more  condensed  spherical  and  short  rod  shapes.126  (Reproduced  by  permission  of  The  Royal  Society  of  Chemistry.) 


sulfide  linkages.  When  these  micellar  nanoparticles  were  sub¬ 
jected  to  a  reducing  environment  such  as  that  in  cytosol  and 
cell  nuclei,  the  PEG  chains  could  be  cleaved,  which  triggered 
the  shape  transformation  from  worm-like  particles  to  more 
condensed  spherical  and  short  rod  shapes  (Fig.  2c).126  Zeta 
potential  measurements  confirmed  the  cleavage  of  PEG  grafts, 
highlighting  the  importance  of  PEG  for  controlling  and  trans¬ 
forming  the  shape  of  PEG-polycation/DNA  nanoparticles. 

Comparative  analyses  of  different  methods 

While  several  different  methods  have  been  developed  to  gene¬ 
rate  nanoparticles  with  controlled  shapes,  certain  consider¬ 
ations  must  be  given  to  best  utilize  these  materials  for 
therapeutic  delivery  applications.  Lithography-based  methods 
have  significant  advantages  in  the  generation  of  highly  mono- 
disperse  particles,  but  limitations  can  exist  in  the  range  of 
shapes  possible  with  the  need  to  design  molds  for  particle 
preparation.  Drug  loading  capacity  must  continue  to  be 
studied,  particularly  for  biologies  such  as  siRNA.  Membrane 
stretching  provides  a  robust  method  for  generating  a  range  of 
aspect  ratios  over  a  large  size  range,  from  hundreds  of  nan¬ 
ometers  to  tens  of  microns.  This  method,  however,  limits  the 
materials  choice,  as  the  polymer  must  be  heated  above  the 
glass  transition  temperature  during  the  stretching  process. 
The  heating  process  may  also  hinder  the  potential  cargo  for 
therapeutic  delivery.  Finally,  self-assembly  methods  require  no 
complex  particle  manufacturing  processes,  relying  solely  on 


intermolecular  forces  to  generate  complex  shapes.  The  self- 
assembly  process,  however,  has  not  been  well-studied,  and  few 
mechanistic  studies  have  been  performed  to  identify  the  key 
driving  forces  for  shape  control.  Molecular  dynamics  simu¬ 
lation  may  be  an  attractive  tool  for  researchers  to  better  under¬ 
stand  the  mechanisms  that  drive  shape  control  of  self- 
assembled  polymeric  nanoparticles.  Stability  of  nanoparticles 
generated  through  each  method  must  also  continue  to  be  opti¬ 
mized  in  physiological  media  for  delivery  applications.  For 
example,  self-assembled  micelles  may  require  additional  core 
crosslinking  strategies  to  preserve  the  size  and  shape  under 
in  vivo  conditions.  Membrane-stretched  particles,  comprised 
of  PLA  or  PLGA,  may  require  some  surface  conjugation  strat¬ 
egies  to  minimize  serum  protein  adsorption.  DNA  nano¬ 
structures  must  be  designed  to  minimize  susceptibility  to 
nucleases  in  serum.  Finally,  the  choice  of  shape  control 
method  may  be  determined  by  both  the  materials  choice  and 
the  payload  being  delivered.  Each  method,  although  versatile 
for  a  range  of  materials  and  cargos,  has  specific  set  of  design 
constraints  and  optimal  conditions  that  may  be  tailored  for  a 
specific  therapeutic  molecule  and  application  (see  Table  1). 

Effect  of  nanoparticle  shape  on  their  biological  activities 

With  the  development  of  several  methods  for  precise  control 
of  nanoparticle  shape,  it  has  been  possible  to  interrogate  the 
role  of  shape  in  nanoparticle-mediated  drug  and  gene  delivery. 
Studies  have  highlighted  the  role  of  shape  at  each  step  of  the 
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Table  1  Design  constraints  and  preparation  parameters  in  shape  control  for  different  nanoparticle  preparation  methods 


Nanoparticle  preparation 
method 

Shapes  prepared 

Range  of 
aspect  ratio 

Representative  materials  used 

Cargos 

Lithography 

PRINT 

Rods,  cylinders,  cubes, 
filamentous14’15’18'19 

1-60 

(ref.  18,19) 

Polyethylene  glycol,  poly(lactic  acid), 
polyfiactic  acid-co-glycolic  acid), 
proteins15’20’21’24 

Small  molecule  drugs, 
contrast  agents, 
siRNA17’21’25 

S-FIL 

Disks,  rods,  squares, 
triangles28"30 

1-8 

(ref.  28,29) 

Polyethylene  glycol28,29 

Antibodies,  nucleic  acids, 
small  molecule  drugs28,30 

Membrane  stretching 

Rods,  disks,  ellipsoids, 
pills,  barrels,  bullets, 

lenses32’33’35 

1.5-15 

(ref.  32,37,38) 

Polystyrene,  poly(lactic 
acid-co-glycolic  acid)33’35,38 

Antibodies,  small  molecule 

drugs32’35’38 

Self  assembly 

Amphiphilic 

copolymers 

Spheres,  rods, 
filamentous,  vesicles, 
toroids,  disks43"45’65’88 

1->100 
(ref. 44, 65, 88) 

Polyethylene-Woc£-polyethylene  glycol, 
polycaprolactone-Woc£-polyethylene 
glycol,  poly(lactic  acid-co-glycolic  acid)- 
polyethylene  glycol,  poly(lactic  acid)- 
Moci-polyethylene  glycol,  polystyrene- 
block- poly(aciylic  acid)39’42’44’47’65’88 

Hydrophobic  drugs  loaded 
in  the  core65’66’129 

Nucleic  acid 
base-pairing 

Cages,  polyhedrons, 
nanotubes92’95’96’106 

1-7 

(ref,  92,95,106) 

Single-stranded  DNA92’97 

Imaging  agents,  small 
molecule  drugs,  siRNA, 
proteins102"106 

Complex 

core 

micelles 

Spheres,  rods, 
worms120"122’125’126 

1-30 

(ref.  122,125,126) 

Polyphosphoramidate-Woc£-polyethylene 
glycol,  linear  polyethylenimine-gra//- 
polyethylene  glycol,  poly(glutamic  acid)- 
Moc£-polyethylene  glycol,  polylysin e-block- 
polyethylene  glycol5’*15’116’125’126 

Nucleic  acids5,116’125 

delivery  process,  including  extending  nanoparticle  circulation 
time,  enhancing  tissue-specific  delivery,  transport  and  reten¬ 
tion,  and  influencing  cellular  uptake  and  intracellular  traffick¬ 
ing.  The  following  sections  will  provide  a  brief  overview  on  the 
effect  of  nanoparticle  shape  at  different  delivery  steps. 

Shape  effect  on  systemic  circulation  of  nanoparticles 

Based  on  the  observation  that  flexible  and  long  worm-like 
micelles  (>1  pm)  became  elongated  under  shear  in  flow  con¬ 
dition,  which  may  prevent  significant  interaction  with  macro¬ 
phages  in  circulation,  Geng  et  al.  tested  the  effect  of  shape  on 
self-assembled  nanoparticle  circulation  time  following  sys¬ 
temic  injection  by  comparing  3.5-pm  long  filomicelles  with 
200  nm  spherical  micellar  nanoparticles.65  They  showed  that  a 
significant  fraction  of  both  the  non-degradable  polyethylene-/?- 
PEG  filomicelles  and  the  degradable  PCL-6-PEG  micelles  circu¬ 
lated  for  up  to  one  week  in  rodents  after  i.v.  injection,  whereas 
spherical  nanoparticles  were  cleared  within  2  days.  The  circu¬ 
lation  half-life  decreased  as  the  initial  length  of  the  micelle 
decreased.  The  extended  circulation  time  of  filomicelles  was 
primarily  attributed  to  their  ability  to  reduce  binding  and 
clearance  by  circulating  macrophages,  in  contrast  to  spherical 
particles.  More  efficient  delivery  of  paclitaxel  using  these  filo¬ 
micelles  was  demonstrated  in  a  mouse  lung  cancer  model 
compared  to  free  paclitaxel.  At  the  same  dose  of  paclitaxel,  filo¬ 
micelles  showed  significant  tumor  size  decrease  with  about 
half  the  amount  of  free  paclitaxel.  Furthermore,  the  animals 
were  able  to  tolerate  a  higher  dose  of  the  drug,  which  could 
potentially  translate  to  higher  degree  of  tumor  killing.  Tockary 
et  al.  reported  a  study  comparing  circulation  time  of  a  series  of 
rod-like  PEG-/&-PLL/DNA  micellar  nanoparticles  with  different 
lengths  (Fig.  3a).122  From  blood  circulation  profile  analysis, 


nanoparticles  with  longer  rod  lengths  of  162  nm  had  a  greater 
percentage  of  particles  remaining  in  circulation  compared  to 
shorter,  70  nm  rods.  For  instance,  at  3  minutes  post-injection, 
approximately  60%  of  the  longer  rods  remained  in  circulation 
compared  with  only  30%  of  the  shorter  rods.  While  these 
numbers  do  not  show  such  a  striking  differences  in  nanoparti¬ 
cle  circulation  time  as  the  previous  study,  it  is  possible  that 
the  differences  arise  from  the  fact  that  these  particles  are 
much  shorter  than  the  micron-sized  filomicelles.  These  results 
still  highlight  the  potential  benefit  of  elongated  particles  in 
providing  extended  circulation  time. 

Nanoparticle  shape  may  also  play  a  role  in  margination  i.e. 
drifting  of  a  particle  from  the  center  of  the  vessel  close  to  the 
vessel  wall.130  Nanoparticle  margination  dynamics  may  be 
important  in  binding  to  the  endothelium  and  escaping  leaky 
vasculature  in  tumor  tissue.  Theoretical  analysis  indicates  that 
spherical  particles  under  flow  conditions  tend  to  follow  a 
streamline  parallel  to  a  vessel  wall,  whereas  non-spherical 
ellipsoidal  particles  exhibit  more  complex  rotational  and  trans¬ 
lation  trajectories,  drifting  from  one  side  of  the  vessel  to  the 
other  during  flow.131’132  Using  a  detailed  model  of  particle 
dynamics  in  microcirculation  where  low  shear  rates  are  present, 
elongated,  discoidal  particles  display  the  greatest  ability  to  mar- 
ginate;  however,  the  lateral  velocity  of  the  particle  depends  sig¬ 
nificantly  on  its  Stokes  number,  which  is  influenced  by  the  size 
and  the  density  of  the  material.133  Additionally,  when  compar¬ 
ing  a  nanosphere  and  nanorod  under  identical  shear  con¬ 
ditions,  the  binding  probability  was  three-fold  higher  for  the 
nanorod.132  A  study  looking  specifically  at  the  effect  of  shear 
rate  on  the  margination  of  non-spherical,  micron-sized  silica 
particles  found  that  for  the  ranges  tested,  discoidal  shapes  mar- 
ginated  the  most,  followed  by  quasi-hemispherical  and  spheri- 
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Fig.  3  Nanoparticle  shape  influences  the  biological  response  both  in  vitro  and  in  vivo  for  drug  and  gene  delivery  applications.  (A)  Nanoparticle 
shape  is  influenced  by  the  crowdedness  of  the  PEG  layer  on  the  surface  of  polymer/DNA  micelles.  Dense  PEG  layer  leads  to  the  formation  of  longer 
rod  shapes  that,  upon  systemic  administration  via  tail  vein  injection,  leads  to  extended  circulation  compared  to  shorter,  rod  shaped  micelles;122  (rep¬ 
rinted  with  permission,  ®2013  American  Chemical  Society)  (B)  Greater  tumor  penetration  is  observed  following  i.v.  injection  of  spherical  and  rod¬ 
shaped  silica-quantum  dot  nanoparticles;137  (reprinted  with  permission,  ®2011  Wiley-VCH  Verlag  GmbH  b  Co.  KGaA,  Weinheim)  (C)  Scanning  elec¬ 
tron  microscopy  images  of  polystyrene  nanospheres,  nanorods,  and  nanodisks,  as  well  as  fluorescent  microscopy  images  of  in  vitro  cellular  uptake 
of  shaped  nanoparticles  (green)  in  BT-474  breast  cancer  cells  (blue)  comparing  uncoated  and  antibody  (trastuzumab)-coated  particles.  Graph  shows 
that  trastuzumab  coating  enhancement  is  greatest  for  nanorods,  followed  by  nanodisks  and  nanospheres  in  both  BT-474  cells  (white  bars)  and 
SK-BR-3  cells  (dashed  bars).  No  enhancement  was  observed  for  any  shape  in  MDA-MB-231  cells  (black  bars).35 


cal  particles.134  In  vitro  studies  on  effect  of  nanoparticle  shape 
under  flow  condition  using  microfluidic  flow  chamber  exper¬ 
iments,  also  using  the  silica-based  particles,134  confirmed  that 
spherical  particles  exhibit  significantly  lower  sedimentation  and 
binding  to  the  walls  of  the  chamber  compared  to  hemispherical 
and  discoidal  particles.  It  will  be  interesting  to  see  if  the  results 
hold  for  shaped,  polymeric  nanoparticles  as  well. 

Shape  effect  on  tissue  binding  and  distribution  of 
nanoparticles 

Nanoparticle  shape  has  been  shown  to  significantly  influence 
tissue  binding  and  distribution  in  vivo.  Using  the  membrane- 
stretched  PS  nanoparticles  surface-conjugated  with  antibodies 
against  ICAM-1  and  transferrin  for  lung  and  brain  targeting, 
respectively,  Kolhar  et  al.  demonstrated  that  anti-ICAM-l-con- 
jugated  rods  (500  nm  length  x  125  nm  diameter)  yielded  twice 
the  accumulation  in  lungs  compared  to  200  nm  spherical  par¬ 
ticles.38  Lung  to  liver  accumulation  was  also  1.7-fold  higher  for 
the  rods,  compared  with  0.7  for  the  spheres,  showing  that  rod¬ 
shaped  particles  improved  tissue-specific  binding.  Similarly 
for  anti-transferrin-conjugated  nanoparticles,  rod-shaped  par¬ 
ticles  showed  a  nearly  7-fold  higher  accumulation  in  brain 


compared  to  spherical  particles.  In  vitro  studies  using  a  syn¬ 
thetic  microvascular  network  model  complemented  the  in  vivo 
results,  showing  higher  binding  to  the  walls  of  the  chamber 
for  the  rod-shaped,  antibody-conjugated  particles,  compared  with 
antibody-conjugated  spherical  particles.  Additional  studies  incor¬ 
porating  bifurcation  junctions  into  the  microvascular  networks 
found  that  particles  accumulated  more  at  the  branching  sites 
compared  to  the  straight  segments,  which  may  have  application 
in  certain  disease  states.135  Another  study  by  Shuvaev  et  al.  using 
PEG-£>-polyethylene  filomicelles  decorated  with  endothelium¬ 
targeting  antibodies  also  showed  combined  advantages  of 
extended  circulation  time  and  improved  tissue  binding  for  these 
worm-like  particles,  highlighting  the  importance  of  nanoparticle 
shape  for  improving  transport  and  targeting  capabilities.136 

In  addition  to  tissue  targeting,  nanoparticle  shape  has  the 
potential  to  influence  their  penetration  and  distribution  once 
particles  transport  from  the  vessels  to  the  tissue.  Chu  et  al. 
reported  that  PLGA  particles  formulated  by  the  PRINT  method 
exhibited  significantly  different  tissue  distribution  of  the 
encapsulated  drug,  docetaxel,  in  a  particle  shape-dependent 
manner.17  Rod-like  particles  (80  nm  diameter  x  320  nm 
length)  delivered  a  higher  concentration  of  docetaxel  in  the 
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tumor  tissue  and  lower  spleen  and  liver  deposition,  compared 
with  cube  particles  (200  nm  x  200  nm).  Such  an  improved 
delivery  with  rod-lilce  particles  was  correlated  with  better  per¬ 
meation  or  diffusion  of  these  particles  in  the  tumor  tissue  and 
a  reduction  in  clearance  by  macrophages.  These  results  are 
consistent  with  a  recent  study  by  Chauhan  et  al.  using  silica 
nanoparticles  and  nanorods  containing  a  quantum  dot  core 
(Fig.  3b).  Tumor  tissue  distribution  for  the  rod-like  nanoparti¬ 
cles  (15  nm  x  54  nm)  was  greater  than  the  35  nm  spherical 
particles,  as  a  result  of  enhanced  penetration  and  diffusion 
property  for  the  rods  in  tissue  or  gel-like  medium.137 

While  the  literature  is  not  as  extensive  for  gene  therapy 
applications,  several  studies  have  begun  to  focus  on  the  effect 
of  DNA  nanoparticle  shape  on  in  vivo  gene  delivery  efficiency. 
Dirisala  et  al,  using  self-assembled  PEG-&-PLL/DNA  nanoparti¬ 
cles  carrying  plasmid  DNA  encoding  anti-angiogenic  proteins 
for  pancreatic  cancer  delivery,  identified  a  critical  rod  length 
of  200  nm  that  is  capable  of  mediating  efficient  transfection 
efficiency  both  in  vitro  and  in  vivo.121  Above  a  200  nm  length, 
rod-shaped  nanoparticles  showed  lower  cell  uptake  in  BxPC3 
cells  and  minimal  antitumor  effect  in  mice  following  i.v.  injec¬ 
tion,  even  though  these  nanoparticles  displayed  extended  cir¬ 
culation  time.  Rods  shorter  than  200  nm,  on  the  other  hand, 
exhibited  significant  antitumor  response  through  reduction  in 
tumor  volume  as  well  as  decreased  tumor  vascular  density 
upon  treatment.  Jiang  et  al.  used  retrograde  intrabiliary  infu¬ 
sion  to  deliver  shaped,  PEG-Zt-PPA/DNA  micelles  to  the  rat 
liver.125  In  this  study,  worm-like  particles  (20  nm  diameter  x 
581  nm  length)  mediated  126-fold  higher  transfection 
efficiency  than  rod-like  particles  (30  nm  diameter  x  130  nm 
length),  and  1680-fold  higher  expression  than  the  spherical 
particles  with  an  average  diameter  of  40  nm. 

Shape  effect  on  cellular  uptake  of  nanoparticles 

The  shape  effect  of  nanoparticles  has  been  most  extensively 
characterized  at  the  cellular  level.  A  study  by  Gratton  et  al. 
using  cationic  PEG  particles  prepared  by  the  PRINT  method 
found  that  longer  rod  particles  (150  nm  diameter  x  450  nm 
length)  had  faster  internalization  rates  in  HeLa  cells  compared 
to  short  rods  (200  nm  diameter  x  200  nm  length).18  As  the  par¬ 
ticles  were  positively  charged,  it  is  likely  that  the  higher  aspect 
ratio  particles  were  able  to  experience  multivalent  interactions 
with  the  cells,  leading  to  faster  uptake.  Results  for  hyaluronic 
acid  (HA)-coated  PLGA  PRINT  particles  also  showed  similar 
trends:  320  nm  x  80  nm  rod  particles  showed  nearly  10-fold 
higher  uptake  than  200  nm  x  200  nm  short  rods  in  BT-20 
triple  negative  breast  cancer  cells.27  Agarwal  et  al.  similarly 
studied  the  uptake  of  hydrogel  nanorod  and  nanodisc  particles 
in  several  epithelial  and  endothelial  cell  lines.29  In  all  cell 
types,  the  nanodiscs  are  internalized  more  than  the  nanorods. 
From  the  results,  the  authors  proposed  three  key  factors  that 
dictate  cell  uptake  in  vitro :  contact  force  between  the  particle 
and  the  cell  surface,  sedimentation,  and  strain  energy  needed 
for  membrane  deformation  to  uptake  the  particles.  The  strain 
energy,  in  particular,  is  hypothesized  to  be  the  reason  for  the 
increased  uptake  of  nanodiscs  compared  to  nanorods,  as  more 
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energy  is  needed  to  engulf  the  elongated  rod-shaped  particles. 
Polystyrene  rods  with  a  size  of  367  nm  x  126  nm,  prepared  by 
the  membrane  stretching  method,  displayed  higher  specific 
uptake  and  lower  nonspecific  uptake  compared  to  200  nm 
spherical  and  disk-shaped  (236  nm  diameter  x  88  nm  thick¬ 
ness)  nanoparticles  in  three  breast  cancer  cell  lines  following 
surface  conjugation  of  trastuzumab,  a  HER2-targeted  antibody 
(Fig.  3c).35  On  the  other  hand,  a  study  comparing  cellular 
uptake  of  spherical,  short  cylinder,  and  long  cylinder,  PAA-Zt- 
PS  block  copolymer  nanoparticles  conjugated  with  TAT  cell 
adhesion  peptide  found  that  spherical  particles  exhibited  the 
highest  amount  of  uptake  in  Chinese  hamster  ovary  cells.78 
The  results  suggest  that  it  may  be  difficult  for  the  micron- 
length  cylindrical  particles  to  be  internalized  by  the  cell;  in 
addition,  particle  uptake  was  compared  at  the  same  molar  con¬ 
centration  of  polymer,  meaning  that  there  was  a  higher 
number  of  spherical  particles  compared  to  worm-like  particles, 
which  may  affect  the  measurements.  It  is  also  possible  that 
uptake  of  different  shapes  will  vary  significantly  depending  on 
material  choice  or  cell  type  being  investigated. 

Several  studies  have  also  begun  to  investigate  shape-depen- 
dent  uptake  and  intracellular  trafficking  of  DNA-containing 
nanoparticles.  Shi  et  al.,  using  HPMA-Z?-PLL  copolymers  to  con¬ 
dense  DNA,  compared  cellular  uptake,  intracellular  trafficking, 
and  transfection  efficiency  for  25  nm  x  74  nm  oblong  complex 
core  micelles  and  18  nm  x  102  nm  rod-like  micelles.124  The 
transfection  efficiency  for  the  oblong  micelles  was  42-fold 
higher  than  the  rod-like  micelles  with  a  higher  aspect  ratio. 
Mechanistic  studies  showed  that  cellular  uptake  for  the  more 
condensed  particles  was  approximately  4-fold  higher,  whereas 
the  rod-like  particles,  after  internalization,  tended  to  accumu¬ 
late  more  in  endosomal/lysosomal  compartments.  Other 
factors,  such  as  charge  density,  DNA  unpacking,  and  intra¬ 
cellular  trafficking  kinetics,  did  not  differ  significantly  for  the 
two  nanoparticles,  suggesting  that  shape-dependent  cellular 
uptake  may  be  a  determining  factor  in  the  observed  trans¬ 
fection  efficiency  differences.  Our  recent  studies  also  showed 
that  nanoparticle  shape  may  similarly  influence  cell  uptake 
and  transfection  efficiency.125’126  In  addition,  as  polymer/DNA 
micelles  undergoing  shape  transformation  from  worm-like  to 
condensed  spherical  and  short  rod  shapes,  a  significant 
increase  in  in  vitro  transfection  efficiency  was  observed, 
whereas  control  particles  without  shape  transformation  did 
not  increase  transfection  efficiency.126  However,  it  is  important 
to  note  that  in  this  study  shape  transformation  occurred  con¬ 
comitantly  with  PEG  cleavage,  therefore  both  shape  transform¬ 
ation  and  increase  in  nanoparticle  surface  charge  may 
contribute  to  the  improved  transfection  results. 

Significant  discoveries  have  been  made  on  shape-depen- 
dent  uptake  of  microparticles  and  nanoparticles  in  phagocytic 
cells.  Using  high  aspect  ratio  disc  and  worm-like  particles, 
results  highlight  that  shape,  but  not  necessarily  size,  dictates 
the  degree  of  particle  internalization  by  macrophages.36,37  For 
example,  for  14  pm  x  3  pm  ellipsoidal  particles,  when  the 
macrophage  attaches  to  the  end  of  the  particle,  it  can  be  effec¬ 
tively  internalized  within  3  min.36  When  it  attaches  to  the  flat 
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side  of  the  particle,  however,  no  internalization  was  observed 
for  the  duration  of  the  110  min  study.  Extending  from  these 
observations,  a  follow-up  study  compared  macrophage  intern¬ 
alization  of  1-3  pm  spherical  particles  with  fiber-like  particles 
stretched  from  the  same  set  of  spherical  particles  to  an  aspect 
ratio  of  22. 5. 37  The  fiber-like  particles  displayed  almost  no 
internalization,  whereas  approximately  half  of  the  spherical 
particles  that  attached  to  the  macrophages  were  internalized. 
This  study  highlights  the  ability  to  use  shape  as  sole  factor  to 
generate  a  particle  that  can  effectively  evade  phagocytosis.  As 
another  example  highlighting  the  utility  of  shape  to  influence 
macrophage  uptake,  PLGA  particles  capable  of  shape  trans¬ 
formation  from  elliptical  disks  with  an  aspect  ratio  of  5  to 
spherical  particles  were  compared  to  control  particles  unable 
to  transform  their  shape.33  When  incubated  in  vitro  with 
macrophages,  particles  were  internalized  quickly  upon  shape 
transformation  to  near-spherical  shapes.  In  contrast,  cells 
could  not  phagocytose  elliptical  disks  without  shape 
transformation. 


Conclusions 

Using  the  methods  presented  here,  it  has  been  shown  that 
precise  shape  control  can  be  achieved  for  polymeric  nanoparti¬ 
cles,  obtaining  a  range  of  nanoparticle  shapes  including 
spherical  and  cylindrical  particles,  all  the  way  to  micron  sized, 
high  aspect  ratio  rod  and  filamentous  particles.  Methods  are 
amenable  to  a  wide  range  of  polymeric  systems,  both  non- 
degradable  and  degradable,  and  can  deliver  cargo  ranging 
from  chemotherapeutics,  nucleic  acids,  and  contrast  agents. 
Applications  of  these  shape-controlled  nanoparticles  in  vitro 
and  in  vivo  has  revealed  shape-dependent  nanoparticle  trans¬ 
port  properties,  allowing  particle  shape  optimization  to  extend 
circulation  time  following  systemic  injection,  improve  tissue 
penetration  and  distribution,  enhance  binding  to  target  cells 
and  tissues,  and  direct  cellular  uptake  and  intracellular 
trafficking  behavior.  While  these  findings  highlight  the 
promise  of  shape  control  for  improving  the  delivery  efficiency 
of  polymeric  nanoparticles,  significant  challenges  remain  to 
be  addressed.  As  shape  is  one  of  the  fundamental  attributes  of 
nanoparticles,  along  with  size,  surface  chemistry,  charge, 
surface  energetics,  etc.,  it  may  be  difficult  to  isolate  the  specific 
shape  effect  from  other  parameters  on  biological  transport 
properties  and  bioactivities  of  the  nanoparticles.  New  strat¬ 
egies  are  needed  to  independently  control  nanoparticle  shape 
and  other  parameters  in  order  to  identify  shape  as  the  sole 
governing  factor.  Further  evaluation  of  the  shape  in  a  biologi¬ 
cal  context  is  also  necessary;  it  is  possible  that,  upon  exposure 
to  the  complex  biological  environment,  the  shape  factor  could 
be  masked  by  serum  proteins  or  biological  media.  Finally, 
reproducibility,  uniformity,  and  scalability  must  continue  to 
be  addressed  in  order  to  identify  key  formulations  for  potential 
clinical  development.  These  considerations  aside,  it  is  clear 
that  nanoparticle  shape  holds  great  potential  as  an  additional 
design  parameter  for  improving  therapeutic  delivery.  The  con- 
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tinued  development  of  new  methods  and  materials  for  such 
shape  control  provides  for  an  exciting  future  for 
nanomedicine. 
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Abstract 

Inhibiting  specific  gene  expression  by  short  interfering  RNA  (siRNA)  of¬ 
fers  a  new  therapeutic  strategy  to  tackle  many  diseases,  including  cancer, 
metabolic  disorders,  and  viral  infections,  at  the  molecular  level.  The  macro- 
molecular  and  polar  nature  of  siRNA  hinders  its  cellular  access  to  exert  its 
effect.  Nanoparticulate  delivery  systems  can  promote  efficient  intracellular 
delivery.  Despite  showing  promise  in  many  preclinical  studies  and  potential 
in  some  clinical  trials,  siRNA  has  poor  delivery  efficiency,  which  contin¬ 
ues  to  demand  innovations,  from  carrier  design  to  formulation,  in  order  to 
overcome  transport  barriers.  Previous  findings  for  optimal  plasmid  DNA 
delivery  cannot  be  generalized  to  siRNA  delivery  owing  to  significant  dis¬ 
crepancy  in  size  and  subtle  differences  in  chain  flexibility  between  the  two 
types  of  nucleic  acids.  In  this  review,  we  highlight  the  recent  advances  in 
improving  the  stability  of  siRNA  nanoparticles,  understanding  their  intra¬ 
cellular  trafficking  and  release  mechanisms,  and  applying  judiciously  the 
promising  formulations  to  disease  models. 
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1.  RNAi  THERAPEUTICS 

Since  its  initial  discovery  by  Mello,  Fire,  and  colleagues  (1),  RNA  interference  (RNAi)  has  shown 
great  therapeutic  potential  as  a  posttranslation  gene  regulation  process  for  a  range  of  disease, 
including  cancer,  genetic  disorders,  autoimmune  diseases,  and  viral  infections  (2^1).  The  de¬ 
velopment  of  exogenously  produced  21-23  base  pair,  double-stranded  short  interfering  RNAs 
(siRNAs)  allows  for  sequence-specific  messenger  RNA  (mRNA)  degradation  following  incorpo¬ 
ration  into  the  RNA-induced  silencing  complex  (RISC)  in  the  cytosol  (5).  However,  owing  to 
the  high  negative  charge  density  and  relatively  large  size  of  the  siRNA  molecules,  naked  siRNA 
molecules  are  not  able  to  efficiently  enter  cells  to  knock  down  the  mRNA  target  (6).  Furthermore, 
rapid  degradation  of  siRNA  by  serum  nucleases  followed  by  renal  clearance  occurs  upon  its  injec¬ 
tion  into  the  bloodstream  (3,  7).  The  in  vivo  application  of  RNAi  has  thus  been  hindered  by  poor 
delivery  efficiency  to  the  action  site  of  the  target  cells.  Improving  delivery  strategies  remains  the 
critical  challenge  for  realization  of  the  tremendous  potential  of  RNAi  therapeutics. 

2.  DELIVERY  METHODS  FOR  siRNA  THERAPEUTICS 

2.1.  RNA  Structural  Modifications  and  Molecular  Conjugates 

Incorporation  of  several  structural  modifications  has  helped  to  improve  siRNA  stability  against 
nuclease  degradation.  For  example,  2'-0-methyl  modifications,  incorporation  of  alternative  2'- 
sugar  modifications,  and  introduction  of  3'-phosphorothioate  linkages  have  all  led  to  decreased 
endonuclease  degradation.  2'-fluoro  modification  has  also  improved  stability  while  maintaining 
the  function  of  siRNA  (8,  9).  Structurally  modified  molecules  still  suffer  from  several  drawbacks, 
including  limited  targeting  capability  as  well  as  a  need  for  high  doses  to  reach  therapeutic  con¬ 
centrations  (10).  The  siRNA  conjugates  (e.g.,  cholesterol-conjugated  siRNA  and  RGD  peptide- 
conjugated  siRNA)  have  also  been  a  popular  delivery  strategy.  A  recent  study  by  Huang  et  al. 
(11)  highlighted  the  effect  of  conjugation  on  the  biodistribution  of  siRNA  in  mice.  Injection  of 
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siRNA  alone  led  to  rapid  accumulation  of  siRNA  in  the  kidney  and  intestine,  and  the  authors 
concluded  that  intestinal  elimination  occurred  following  hepatic  processing  and  secretion,  as  bile 
duct  ligation  led  to  a  near  background  level  of  siRNA  in  the  intestine.  By  contrast,  conjugation  of 
RGD  or  cholesterol  to  the  siRNA  led  to  greater  accumulation  of  siRNA  in  the  liver. 

2.2.  Lipid-Based  Nanoparticle  Delivery  Systems 

Nanoparticles  have  been  widely  used  to  improve  siRNA’s  delivery  efficiency  both  in  vitro  and 
in  vivo.  The  most  common  nanoparticle  delivery  systems  are  lipid  based.  A  number  of  commer¬ 
cially  available  lipid  formulations  have  been  used  as  siRNA  delivery  agents,  including  Lipofec- 
tamine 2000 (LF2000) (12), Lipofectamine  RNAiMAX (13),  l,2-dioleoyl-3-trimethylammonium- 
propane  (DOTAP)  (14),  RNAiFect  (14),  TransIT-TKO  (15),  and  TransIT-siQUEST  (15).  The 
majority  of  siRNA  nanoparticles  in  Phase  I  clinical  trials  are  lipid  based  as  well  (16).  A  major  draw¬ 
back  of  lipid-mediated  delivery  of  siRNA  arises  from  an  innate  immune  response  often  observed 
after  particle  administration  (17).  Studies  have  shown  that  liposomes  can  activate  the  complement 
system  (18).  DOTAP,  a  common  cationic  lipid,  elicited  a  severe  interferon  response,  as  well  as 
an  upregulation  of  signal  transducer  and  activator  of  transcription  1  (STAT1),  a  downstream 
signaling  molecule  (14).  To  reduce  the  inflammatory  response,  strategies  such  as  PEGylation, 
the  coating  of  a  particle  surface  with  a  layer  of  polyethylene  glycol)  (PEG),  have  been  widely 
employed  (19,  20).  In  an  alternative  approach,  Abrams  et  al.  (21)  showed  that  treatment  with  the 
anti-inflammatory  drug  dexamethasone  significantly  reduced  the  acute  inflammation  responses 
mediated  by  lipid  nanoparticles  while  maintaining  a  similar  level  of  siRNA  knockdown  efficiency. 

Lipid  nanoparticles  typically  accumulate  in  the  liver,  even  without  any  liver-specific  targeting 
moieties  (22-25).  For  example,  a  single  dose  of  PEGylated,  cholesterol-based  lipid  particles  con¬ 
taining  luciferase  siRNA  yielded  a  peak  gene  knockdown  of  90%  in  the  liver  that  persisted  for 
up  to  10  days  (23).  Another  lipid-based  system  composed  of  cationic  lipids  with  tertiary  amines 
and  hydrophobic  linoleyl  groups  (termed  TRENL3)  also  displayed  hepatocyte-specific  delivery 
(22).  Several  recent  studies  have  reported  screening  of  a  large  library  of  lipid-based  materials  to 
identify  the  optimal  lipid  particle  compositions  for  gene  silencing.  Using  a  lipid  nanoparticle  li¬ 
brary,  Whitehead  et  al.  (26)  demonstrated  that  when  comparing  parameters  for  predicting  in  vivo 
efficacy  of  the  delivery  system,  only  siRNA  entrapment  efficiency  was  partially  predictive,  whereas 
surface  charge  and  particle  size  showed  no  clear  correlation.  Another  report,  by  Jayaraman  et  al. 
(27),  highlighted  the  importance  of  the  lipid  pK„  in  its  knockdown  efficiency  in  vivo  by  showing 
that  lipids  with  p Ka  between  6.2  and  6.5  showed  the  highest  knockdown  efficiency;  an  optimized 
lipid  nanoparticle  system  based  on  the  optimal  p K,  mediated  50%  gene  silencing  at  a  dose  as  low  as 
5  pg/kg  using  a  Factor  VII  siRNA  knockdown  mouse  model.  In  a  follow-up  study,  Alabi  et  al.  (2  8) 
used  a  multiparametric  approach  to  identify  the  structure-function-activity  relationship  for  lipid 
nanoparticle-mediated  siRNA  delivery  in  vivo.  Their  analysis  confirmed  that  p Ka  of  the  cationic 
lipid  has  the  best  correlation  with  gene  silencing  of  the  lipid  nanoparticles.  However,  analyzing  a 
combination  of  parameters,  such  as  extracellular  stability,  intracellular  stability,  uptake,  hemolysis, 
and  in  vitro  knockdown,  can  be  used  to  better  predict  in  vivo  efficacy  than  examining  solely  the 
in  vitro  knockdown  efficiency. 


2.3.  Polymer-Based  Nanoparticle  Delivery  Systems 

Polymer-based  systems  have  also  been  widely  studied  for  siRNA  delivery  (29),  although  many  of 
the  polymer  carriers  were  first  designed  for  plasmid  DNA  delivery.  This  has  led  to  some  reports 
on  inconsistencies  in  carrier  effectiveness  when  these  carriers  were  extended  to  siRNA  delivery. 
One  of  the  most  commonly  used  polymers  is  polyethyleneimine  (PEI)  in  both  the  linear  and 
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branched  forms  (30-32).  Branched  PEI  (bPEI)  suffers  from  significant  toxicity  caused  by  inflam¬ 
matory  responses  and  is  often  subjected  to  rapid  macrophage  uptake  and  clearance  (33-35).  Linear 
PEI  (lPEI)/siRNA  nanoparticles,  by  contrast,  exhibit  a  better  compatibility  profile  when  injected 
systemically.  According  to  a  study  by  Bonnet  et  al.  (36),  no  significant  increase  of  proinflamma- 
tory  cytokines  or  liver  enzymes  was  observed  following  IPEI/siRNA  nanoparticle  administration. 
A  major  limitation  of  PEI/siRNA  nanoparticles  for  in  vivo  gene  knockdown  is  their  poor  col¬ 
loidal  stability  in  salt-  and  serum-containing  media  (37,  38).  The  positively  charged  nanoparticles 
tend  to  rapidly  aggregate  upon  intravenous  injection  as  shown  by  in  situ  real-time  confocal  mi¬ 
croscopy  (38).  Conjugation  of  PEG  chains  to  these  nanoparticles  has  been  explored  as  a  strategy 
to  address  this  issue  (39-41).  PEGylated  PEI/siRNA  nanoparticles  exhibited  a  markedly  reduced 
tendency  to  aggregate  (38).  Merkel  et  al.  (42)  showed  that  PEGylation  of  bPEI/siRNA  nanopar¬ 
ticles  resulted  in  a  lower  amount  of  liver  deposit  following  intravenous  injection.  However,  the 
PEGylated  nanoparticles  showed  lower  complex  stability — they  tended  to  dissociate  upon  passage 
through  the  liver,  making  them  less  suitable  for  systemic  injection.  In  addition,  these  PEGylated 
bPEI/siRNA  nanoparticles  did  not  elicit  a  significant  degree  of  complement  activation,  in  contrast 
to  bPEI/siRNA  nanoparticles,  which  induced  a  moderate  level  of  complement  activation  in  vitro 
(33).  However,  it  must  be  cautioned  that  when  tested  in  a  swine  model,  nanoparticles  formed 
with  both  bPEI  and  PEG-bPEI  elicited  complement  activation-related  pseudoallergy,  as  indi¬ 
cated  by  cardiopulmonary  reactions.  Among  different  polymers,  use  of  PEG-grafted  bPEI  with 
20-kDa  PEG  yielded  the  least  complement  activation.  In  a  rodent  model  for  gene  knockdown  in 
the  lung,  PEI/siRNA  and  PEG-PEI/siRNA  nanoparticles  were  injected  intratracheally  (43).  Both 
PEG-PEI  nanoparticles  and  PEI  particles  with  hydrophobic  fatty  acid  modifications  invoked  in¬ 
flammatory  cytokines  and  elevated  levels  of  IgM  in  the  bronchoalveolar  fluid,  although  PEG-PEI 
particles  showed  reduced  cytotoxicity.  The  fatty  acid-modified  PEI  particles  showed  the  greatest 
knockdown  efficiency  in  leukocytes  and  alveolar  macrophages,  highlighting  the  need  for  further 
study  to  balance  improved  knockdown  efficiency,  low  cytotoxicity,  and  reduced  immunostimula- 
tory  activities  for  the  successful  in  vivo  application  of  PEI-based  carriers. 

Although  PEI-based  polymers  constitute  a  large  fraction  of  polymer-mediated  siRNA  delivery 
systems,  several  new  polymers  have  been  developed  to  address  the  issues  of  biodegradability,  bio¬ 
compatibility,  and  stability.  Polycationic  micelles  have  been  extensively  studied  by  the  Kataoka 
group  (44—47),  among  others,  for  successful  siRNA  delivery  in  vitro  and  in  vivo.  Poly(|3 -amino 
ester)s,  another  important  class  of  polycations  owing  to  their  hydrolytic  degradability,  high  trans¬ 
fection  efficiency,  and  low  toxicity,  have  been  employed  for  siRNA  delivery  (48-51).  Using  a  library 
of  polymers  containing  different  backbone,  side-chain,  and  end-cap  building  blocks,  a  number  of 
carriers  have  been  screened  to  assess  their  knockdown  efficiency  in  glioblastoma  cells  in  vitro  (52). 
The  most  efficient  carriers  mediated  over  90%  knockdown  for  up  to  15  days  while  maintaining 
high  cell  viability.  High  levels  of  gene  knockdown  were  also  achieved  following  low-dose  siRNA 
treatments  of  only  5  nM. 


3.  OVERCOMING  THE  MAJOR  BARRIERS  FOR  siRNA  DELIVERY 
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Many  of  the  materials  used  for  nanoparticle-mediated  siRNA  delivery,  particularly  the  polyca¬ 
tions,  were  originally  developed  for  plasmid  DNA  delivery  systems.  However,  there  is  increasing 
awareness  that  the  optimal  carrier  design  for  binding  DNA  may  differ  from  that  for  RNA(53).  Al¬ 
though  the  anionic  phosphodiester  backbone  in  both  DNA  and  RNA  can  interact  electrostatically 
with  polycations,  the  persistence  length  (the  length  scale  over  which  the  macromolecule  behaves 
like  a  rigid  rod)  of  double-stranded  (ds)DNA  is  shorter  than  that  of  dsRNA — ~50  nm  versus 
~70  nm — rendering  dsRNA  a  stiffer  molecule.  This  is  accompanied  by  a  large  difference  in  the 
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relative  sizes  of  siRNA  (typically  2 1-23  base  pairs)  and  plasmid  DNA  (usually  several  thousands  of 
base  pairs),  which  explains  the  lower  degree  of  multivalent  binding  and  lower  condensation  ability 
of  siRNA  compared  with  DNA  plasmids.  Furthermore,  siRNA  molecules  are  more  susceptible 
to  nuclease  degradation  than  circular  plasmids  are,  so  a  stable  delivery  system  is  imperative  for 
effective  in  vivo  delivery.  Finally,  the  site  of  action  for  siRNA  knockdown  is  in  the  cytoplasm 
rather  than  the  nucleus  as  in  plasmid  DNA,  which  may  result  in  different  intracellular  unpacking 
profiles  for  optimal  performance.  It  is  therefore  unsurprising  that  carriers  originally  developed  for 
DNA  have  yielded  mixed  results  when  applied  to  siRNA  delivery.  Over  the  past  several  years,  a 
number  of  key  strategies  have  been  designed  with  these  differences  in  mind  to  improve  the  efficacy 
of  nanoparticle-based  siRNA  delivery. 


3.1.  Improving  siRNA  Packaging  Ability  and  Complex  Stability 

As  mentioned  above,  PEI  has  been  a  popular  material  for  siRNA  delivery.  However,  to  form  stable 
nanoparticles,  many  previous  studies  used  a  very  high  N/P  ratio,  which  is  the  molar  ratio  of  amines 
in  the  polymer  backbone  to  phosphates  in  the  nucleic  acid.  High  N/P  ratios  lead  to  a  large  excess 
of  polycations,  often  causing  high  levels  of  toxicity  (32,  54).  A  recent  study  by  Zheng  et  al.  (55) 
noted  that  these  high  N/P  ratios  might  not  be  optimal  for  efficient  nanoparticle  formation.  Using 
a  combination  of  experimental  and  molecular  dynamics  simulations,  their  study  found  that  stable 
nanoparticles  were  formed  at  a  high  N/P  ratio  of  20  as  well  as  at  a  low  N/P  ratio  of  2.  When 
comparing  knockdown  levels,  N/P  ratios  of  2  and  20  mediated  similar  knockdown  efficiency,  but 
cytotoxicity  was  negligible  at  the  low  N/P  ratio  compared  with  around  2  5  %  at  the  higher  N/P  ratio 
of  20,  highlighting  the  potential  utility  of  low  N/P  ratios  for  polycation-mediated  siRNA  delivery. 


3.1.1.  Increasing  nanoparticle  stability  by  introducing  hydrophobic  component.  Hy¬ 
drophobic  modifications  of  PEI  have  shown  improved  particle  stability.  Modification  of  600-Da 
PEI  with  alkyl  chains  of  8  and  1 3  carbons  led  to  the  formation  of  stable  nanoparticles,  whereas 
unmodified  PEI  did  not  form  particles  under  the  same  conditions  (56).  This  result  was  further 
confirmed  by  gene  silencing  studies,  in  which  the  alkyl-modified  PEI  showed  greater  than  80% 
gene  knockdown,  whereas  unmodified  PEI  did  not  mediate  any  gene  silencing.  It  is  important  to 
note  that  the  hydrophobic  modifications  did  increase  the  toxicity  significantly,  especially  at  N/P 
ratios  greater  than  12,  possibly  owing  to  the  enhanced  ability  for  membrane  disruption.  Work  by 
Schroeder  et  al.  (57)  used  lipid-modified  600-Da  PEI  in  a  similar  study.  When  modified  with  a  16- 
carbon  lipid,  up  to  80%  silencing  could  be  achieved  with  the  highest  lipid  modification,  whereas 
the  unmodified  PEI  mediated  no  significant  knockdown.  The  lipid-modified  PEI  did  not  affect 
cell  viability.  The  study  also  found  that  binding  affinity  between  the  polymer  and  siRNA  decreased 
with  the  addition  of  lipid  conjugation.  The  decrease  in  binding  affinity  led  to  a  subsequent  in¬ 
crease  in  knockdown  efficiency,  highlighting  the  important  balance  between  particle  stability  and 
siRNA  release,  a  result  that  was  corroborated  by  Han  et  al.  (5 8)  using  a  different  polycation-based 
siRNA  delivery  system.  Extending  their  work  in  vivo,  these  authors  found  that  the  particles  with 
balanced  binding  affinities  showed  70%  knockdown  in  tumor-bearing  mice  as  well  as  a  complete 
halting  of  tumor  growth  after  20  days.  Zheng  et  al.  (59)  demonstrated  efficient  gene  silencing  in 
vitro  and  enhanced  particle  stability  in  vivo  using  a  PEI-gra/f-polycaprolactone-Wor£-PEG  (PEI- 
g-PCL-i-PEG)  copolymers.  PCL  here  serves  as  the  biodegradable  hydrophobic  component  to 
stabilize  the  complex  core  of  the  micelles.  Particles  with  the  highest  grafting  degrees  mediated 
75%  knockdown  in  human  ovarian  cancer  SKOV3  cells  compared  with  50%  knockdown  for  PEI 
alone.  Following  intravenous  injection,  these  copolymer/siRNA  nanoparticles  circulated  longer 
than  PEI/siRNA.  Lee  et  al.  (60)  incorporated  poly(D,L-lactic  acid-rog/yco/zc  acid)  (PLGA)  as  the 


www.annualreviews.org  •  Nanoparticle-Mediated  siRNA  Delivery 


<b 


351 


Is 


vP 


Uj 

G 


C  hanges  may  still  occur  before  final  publication  online  and  in  print 


O  M 


Annu.  Rev.  Biomed.  Eng.  2014.16.  Downloaded  from  www.annualreviews.org 
by  Johns  Hopkins  University  on  06/19/14.  For  personal  use  only. 


BE16CH14-Leong  ARI  16  May  2014  14:8 


hydrophobic  moiety  to  stabilize  PEI/siRNA  micelle  nanoparticles  with  an  average  diameter  of 
30  nm.  These  nanoparticles  mediated  up  to  60%  gene  silencing  in  vitro,  whereas  IPEI/siRNA 
particles  showed  no  knockdown  of  gene  expression. 


3.1.2.  Enhancing  complex  stability  by  introducing  a  core-shell  structure.  A  different  stabi¬ 
lization  strategy,  reported  by  Bui  et  al.  (6 1 ),  aimed  at  developing  a  virus-mimicking  core-shell  struc¬ 
ture.  To  form  the  core,  siRNA  was  condensed  with  PEI,  upon  which  a  glycoprotein-mimicking 
amphiphilic  block  copolymer  hyaluronan-Woc&-poly(y-benzyl  L-glutamate)  (HA-Z'-PBLG)  was 
coated.  The  coating  was  achieved  by  assembling  HA-^-PBLG  onto  the  PEI/siRNA  core  in 
dimethyl  sulfoxide  (DMSO),  followed  by  dialysis  in  water,  forming  a  viral  capsid-like  shell,  as 
shown  in  Figure  la.  These  modified  particles  had  double  the  knockdown  efficiency  of  PEI/siRNA 
complexes.  Lipid-polymer  hybrid  materials  have  also  gained  attention  in  recent  years.  Using  a  soft- 
lithography  fabrication  technique,  Hasan  et  al.  (62)  prepared  rod-shaped  PLGA  nanoparticles  and 
coated  them  with  cationic  DOTAP:DOPE  lipids.  The  particles  were  used  to  condense  siRNA 
with  46%  encapsulation  efficiency,  leading  to  ~80%  knockdown  in  three  different  prostate  cancer 
cell  lines.  Using  a  different  PEG-Z'-poly(D,L-lactide)/siRNA  nanoparticle  formulation  assembled 
with  a  cationic  lipid  at  90%  encapsulation  efficiency,  the  authors  reported  that  50%  knockdown 
efficiency  was  achieved  in  an  orthotopic  liver  tumor  model  (63).  Using  a  nanoporous  silica  core 
coated  with  a  cationic  lipid  bilayer,  Ashley  et  al.  (64)  demonstrated  a  delivery  system  that  can  be 
used  for  a  number  of  different  therapeutics  including  siRNA.  These  nanoparticles  can  encapsulate 
nearly  1,000  times  more  siRNA  than  can  liposomes  of  similar  size  and  made  of  the  same  lipid 
components.  Finally,  Jiang  et  al.  (65)  prepared  iron  oxide  nanoparticles  coated  with  a  lipid-like 
material  for  delivery  of  both  DNA  and  siRNA,  offering  a  platform  amenable  to  magnetically 
guided  targeting  and  the  potential  for  MRI  imaging.  Magnetic  field  was  also  used  to  enhance  gene 
knockdown  efficiency;  up  to  90%  knockdown  was  achieved  using  these  nanoparticles  in  presence 
of  magnet  at  3  ng/well  siRNA,  as  compared  with  50%  knockdown  without  magnetic  field. 
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3.1.3.  Enhancing  complex  stability  by  covalent  and  physical  cross-links.  Strategies  to 
improve  the  stability  of  siRNA  nanoparticles  have  also  focused  significantly  on  the  use  of 
cross-linking  as  well  as  on  the  incorporation  of  assisting  molecules.  The  Wagner  group  (66-68) 
developed  a  series  of  oligo(ethane  amino)  amides  using  solid-phase  peptide  synthesis  methods  to 
generate  carriers  with  i-shape,  T-shape,  and  U-shape  configurations,  depending  on  the  building 
blocks  used.  Incorporation  of  cysteines  into  the  oligomers  was  particularly  beneficial  for  stabilizing 
the  particles  through  the  formation  of  disulfide  bonds  (67).  Shim  &  Kwon  (32)  studied  the  effect 
of  linear  PEI  modification  with  an  acid-degradable  ketal  group.  Compared  with  unmodified  1PEI, 
ketalized  1PEI  displayed  greater  gene  silencing  with  similar  or  decreased  toxicity,  even  at  N/P 
ratios  of  40  and  above.  This  increase  in  knockdown  was  attributed  to  a  greater  release  of  siRNA 
into  the  cytoplasm  owing  to  the  presence  of  the  degradable  ketal  groups.  In  a  similar  study, 
Shim  &  Kwon  (69)  prepared  a  linear  polyspermine  for  siRNA  delivery  through  cross-linking 
with  both  ketalized  and  nonketalized  diacrylates.  The  ketalized  polyspermine  showed  the 
highest  gene  silencing  owing  to  the  enhanced  intracellular  release  of  siRNA.  Frohlich  et  al.  (70) 
prepared  siRNA  nanoparticles  using  an  oligoethylenimine-based  polymer  that  was  cross-linked 
using  an  amine-reactive  cross-linker,  dithiobis(succinimidyl  propionate)  (DSP).  Cross-linked 
nanoparticles  exhibited  higher  stability  and,  thus,  greater  cell  uptake  and  knockdown  efficiency 
(80%  versus  40%)  compared  with  nanoparticles  without  DSP.  Matsumoto  et  al.  (71)  prepared 
a  PEG-Z'-poly(L-lysine)  (PLL)  copolymer  with  a  disulfide-cross-linked  core  by  thiolating  the 
PLL  segment  with  2-iminothiolane.  Compared  with  un-cross-linked  nanoparticles,  the  thiolated 
particles  achieved  100-fold  higher  knockdown  efficiency  owing  to  increased  nanoparticle  stability 
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Figure  1 

Example  strategies  for  enhancing  the  stability  of  siRNA  nanoparticles.  (a)  Design  of  core-shell  particles  by  self-assembling 
HA-^-PBLG  polymer  coating  around  a  bPEI/siRNA  core.  (Panel  adapted  with  permission  from  61;  ©2012  American  Chemical 
Society.)  ( b )  Stabilization  of  PEG-^-PPA/siRNA  nanoparticles  through  ionic  cross-linking  by  TPP  (73).  (c)  Formation  of  nanoparticles 
by  condensing  oligomeric  siRNA  and  thiolated  glycol  chitosan.  (Panel  adapted  with  permission  from  76;  ©2012  WILEY-VCH  Verlag 
GmbH  &  Co.  KGaA,  Weinheim.)  (d)  Generation  of  self-assembled  RNAi  microsponges  using  rolling  circle  transcription,  forming 
multiple  tandem  hairpin  structures  from  antisense-sense  strand  binding.  Once  delivered  to  cytosol,  the  hairpins  can  be  cleaved  by 
Dicer,  thus  releasing  individual  siRNA  molecules.  [Panel  adapted  by  permission  from  Macmillan  Publishers  Ltd.:  Nature  Materials  (79), 
©2012.]  (e)  Generation  of  self-assembled  tetrahedron  oligonucleotide  nanoparticles  for  site-specific  siRNA  hybridization,  with  an 
atomic  force  microscopy  image  showing  monodispersed  nucleic  acid  nanoparticles  on  mica.  [Panel  adapted  by  permission  Macmillan 
Publishers  Ltd.:  Nature  Nanotechnology  (80),  ©2012.]  Abbreviations:  bPEI,  branched  polyethyleneimine;  DMSO,  dimethyl  sulfoxide; 
ds,  double-stranded;  HA-^-PBLG,  hyaluronan-/’/or^-poly(y-benzyl  L-glutamate);  PEG-^-PPA,  poly(ethylene  glycol )-block- 
polyphosphoramidate;  RNAi,  RNA  interference;  siRNA,  short  interfering  RNA;  TPP,  sodium  triphosphate. 


in  physiological  medium.  Hong  et  al.  (72)  also  used  a  disulfide  cross-linking  strategy  to  form 
IPEI/siRNA  nanogels.  By  using  1PEI  and  siRNA  both  modified  with  disulfide,  the  authors  found 
that  nanoparticle  stability  was  maintained  after  challenge  with  an  excess  amount  of  polyanions. 
Under  reducing  conditions  similar  to  those  in  the  cytoplasm,  siRNA  was  efficiently  released. 
These  cross-linked  nanoparticles  improved  knockdown  efficiency  from  undetectable  levels  to 
over  70%  in  a  melanoma  cell  line.  Moving  beyond  covalent  cross-linking  strategies,  a  report 
by  Nakanishi  et  al.  (73)  used  an  ionic  cross-linking  agent,  sodium  triphosphate  (TPP),  to 
improve  the  stability  of  PEG-Z'/orUpolyphosphoramidate  (PPA)/siRNA  micellar  nanoparticles 
(Figure  lb).  Without  TPP,  particle  formation  was  not  detected  under  the  tested  conditions.  TPP 


www.annualreviews.org  •  Nanoparticle-Mediated  siRNA  Delivery 


353 


Is 


4 


hr 


vP 


Uj 


G 

* 


C  hanges  may  still  occur  before  final  publication  online  and  in  print 


D  M 


Annu.  Rev.  Biomed.  Eng.  2014.16.  Downloaded  from  www.annualreviews.org 
by  Johns  Hopkins  University  on  06/19/14.  For  personal  use  only. 


BE16CH14-Leong  ARI  16  May  2014  14:8 


incorporation  led  to  the  formation  of  stable,  discrete,  and  uniform  80-100-nm  nanoparticles  that 
were  able  to  achieve  up  to  80%  knockdown  efficiency  with  no  significant  loss  in  cell  viability. 

3.1.4.  Enhancing  complex  stability  by  using  multimeric  siRNA.  Whereas  all  of  the  above- 
described  studies  focused  on  ways  to  alter  the  structure  of  the  carrier,  several  studies  have  explored 
modifications  of  the  siRNA  cargo  to  improve  its  compaction  ability  and  particle  stability.  One 
popular  strategy  for  siRNA  modification  is  to  generate  multimeric  siRNA  molecules  that  have 
higher  molecular  weights  (74).  Upon  complexation  with  1PEI,  the  multimeric  siRNAs  formed 
much  smaller  (80-nm)  and  more  condensed  nanoparticles,  compared  with  the  464-nm  particles 
formed  by  monomeric  siRNA.  Multimeric  IPEI/siRNA  nanoparticles  had  up  to  60%  knockdown 
efficiency,  whereas  unmodified  siRNA  particles  only  showed  ~20%  knockdown.  Similarly,  Lee 
et  al.  further  improved  efficiency  with  multimeric  siRNAs  linked  via  disulfide  bonds  (75).  Using 
this  polymeric  siRNA,  the  authors  formed  nanoparticles  with  thiolated  glycol  chitosan,  as  shown 
in  Figure  lc  (76).  When  these  nanoparticles  were  injected  systemically  into  tumor-bearing  mice, 
significant  amounts  of  them  accumulated  in  the  tumor  tissue,  leading  to  a  reduction  in  tumor 
growth.  Liao  et  al.  (77)  used  a  more  controlled  conjugation  scheme  that  connects  two  siRNA 
molecules  through  a  PEG  linkage.  This  dimerized  siRNA  led  to  improved  siRNA  enzymatic 
stability,  higher  gene  silencing,  and  longer  duration  of  knockdown  compared  with  monomeric 
siRNA.  This  strategy  also  allows  for  simultaneous  dual-target  knockdown  via  conjugation  of  two 
separate  siRNA  sequences.  Hong  et  al.  (78)  reported  the  formation  of  siRNA  microgels  with 
controllable  porosity  through  the  use  of  a  Y-shaped  or  linear  cross-linking  agent.  Condensation 
with  1PEI  led  to  the  formation  of  particles  with  sizes  ranging  from  99  to  2 15  nm  for  Y-shaped  and 
linear  siRNA  molecules,  respectively.  Up  to  60%  knockdown  efficiency  was  achieved,  compared 
with  negligible  knockdown  efficiency  for  particles  prepared  with  monomeric  siRNA.  Lee  et  al.  (79) 
reported  a  unique  approach  for  multimeric  siRNA  syn thesis:  As  shown  in  Figure  Id,  rolling  circle 
transcription  leads  to  the  formation  of  RNAi  microsponges,  composed  completely  of  cleavable 
hairpin  RNA  strands  that  can  be  processed  by  the  enzyme  DICER  into  siRNA  molecules.  The  au¬ 
thors  estimated  that  each  microsponge  could  hold  as  many  as  1 02 ,000  siRNA  molecules,  although 
DICER  cleavage  efficiency  was  only  around  21%.  Because  the  microsponges  were  more  than 
2  pm  in  diameter,  PEI  was  used  to  condense  the  sponges  into  200-nm  particles.  At  a  concentration 
of  980  fM,  PEI/siRNA  microsponges  were  able  to  reduce  gene  expression  by  nearly  60%,  using 
approximately  three  orders  of  magnitude  less  carrier  than  standard  nanoparticle/siRNA  delivery 
vehicles  require.  Another  interesting  approach  reported  by  Lee  et  al.  (80)  takes  advantage  of  com¬ 
plementary  DNA  strand  binding  to  form  self-assembled  nucleic  acid  nanoparticles  (Figure  le). 
The  particles  form  a  tetrahedral  structure,  and  siRNA  can  be  linked  to  the  nanoparticle  through 
complementary  binding  of  a  3'-overhanging  end.  Because  they  are  self-assembled  from  defined 
DNA  sequences,  the  particles  show  a  high  degree  of  uniformity  with  a  diameter  of  around  28  nm. 
Particle  circulation  half-life  was  increased  4-fold  over  siRNA  alone,  and  50%  gene  knockdown  was 
achieved  following  intravenous  injection  of  a  2.5  mg/kg  siRNA  dose  in  KB  tumor-bearing  mice. 
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3.2.  Increasing  Cellular  Entry 

Cellular  uptake  of  nanoparticles  for  siRNA  delivery  is  a  roadblock  preventing  the  successful  trans¬ 
lation  of  RNAi  therapeutics.  Because  many  of  the  nanoparticles  carry  a  positive  surface  charge, 
nonspecific  interaction  and  binding  occur  with  the  negatively  charged  cell  membrane.  However, 
as  mentioned  above,  positively  charged  particles  tend  to  aggregate  in  serum-containing  media  and 
biological  fluid,  necessitating  a  masking  of  the  positive  charge  through  PEGylation.  PEGylated 
nanoparticles,  though  offering  greater  stability,  often  display  impaired  cell  binding  and  uptake 
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(81).  For  this  reason,  strategies  to  improve  binding  and  uptake  through  the  shedding  of  the  PEG 
layer  under  specific  stimuli  have  been  developed. 

One  such  study,  reported  by  Kim  et  al.  (82),  used  a  block  copolymer  of  PEG  and  a  polyas- 
partamide  derivative  linked  together  by  disulfide  bonds.  When  exposed  to  reducing  conditions, 
such  as  those  in  the  cytoplasm  and  in  the  tumor  microenvironment,  the  PEG  chains  were  cleaved, 
leading  to  an  increased  surface  charge  as  a  result  of  the  loss  of  PEG  shielding.  In  addition,  this 
carrier  showed  improved  knockdown  efficiency  both  in  vitro  and  in  vivo  in  pancreatic  cancer  cells 
and  subcutaneous  tumor  xenograft,  respectively.  A  second  study,  by  Yang  et  al.  (83)  and  high¬ 
lighted  in  Figure  2a,  used  a  pH-sensitive  linker  that  allowed  shedding  of  the  PEG  chains  upon 
small  changes  in  local  pH,  such  as  those  in  the  tumor  microenvironment,  where  pH  can  fall  to 
~6.5.  The  authors  prepared  a  particle  with  a  polycationic  core  coated  with  an  anionic  polymer 
linked  to  PEG.  At  a  pH  of  6.5,  the  anionic  polymer  became  positively  charged,  causing  the  PEG 
to  dissociate,  as  confirmed  by  surface-charge  measurements.  Cell  uptake,  gene  knockdown,  and 
tumor  growth  were  all  significantly  better  for  the  particles  with  sheddable  PEG  coronas,  compared 
with  the  nonsheddable  controls.  In  a  third  study,  a  lipid-based  nanoparticle  vehicle  was  prepared 
with  a  matrix  metalloproteinase  (MMP)-cleavable  PEG  coating,  as  the  tumor  microenvironment 
is  rich  in  MMPs  (84).  The  cleavable  particles  showed  improved  gene  silencing,  cellular  uptake,  and 
endosomal  escape  compared  with  noncleavable  controls.  In  addition,  higher  tumor  accumulation 
and  gene  silencing  were  observed  in  vivo  for  the  cleavable  particles. 

Beyond  the  removal  of  the  PEG  layer,  additional  studies  aiming  to  improve  the  targeting  and 
cellular  uptake  of  siRNA  nanocomplexes  rely  on  the  use  of  cell-  and  tissue-specific  ligands.  A 
number  of  these  studies  seek  to  improve  the  targeting  of  nanoparticles  to  tumor  tissue.  Common 
ligands  such  as  RGD,  transferrin,  and  folate  have  been  extensively  used  for  tumor  targeting 
(44,  85,  86).  Several  additional  targeting  molecules  have  also  been  identified  recently.  One 
such  molecule  is  a  peptide  sequence  known  as  LyP-1  (87).  LyP-1  is  a  cell  surface  protein  that 
is  overexpressed  on  tumor  cells,  tumor  lymphatics,  and  tumor-associated  macrophages  (88). 
Conjugation  of  antibody  fragments  against  human  epidermal  growth  factor  2  (Her2)-expressing 
breast  cancer  cells  to  nanocomplexes  has  also  shown  benefits  in  vivo,  including  enhanced 
delivery  to  the  tumor  tissue  as  well  as  a  slowing  of  tumor  growth  when  the  nanocomplexes  were 
administered  intravenously  (89).  Liver-specific  targeting  molecules  have  also  been  widely  studied 
for  improved  nanoparticle-mediated  siRNA  delivery.  Vitamin  A-conjugated  liposomes  have 
shown  enhanced  activity  against  liver  fibrosis  (90).  N-acetylgalactosamine-conjugated  micellar 
nanoparticles  showed  enhanced  targeting  and  gene  knockdown  efficiency  in  mouse  hepatocytes 
compared  with  nontargeted  particles  (91). 

In  addition  to  the  use  of  ligand-targeting  strategies,  enhanced  siRNA  nanoparticle  uptake  can  be 
achieved  through  the  use  of  cell-penetrating  peptides  (CPPs)  or  polymers.  Common  CPPs  include 
the  TAT  peptide,  derived  from  HIV  virus,  and  various  polyarginine  peptides  (92).  Combination 
of  a  CPP  with  a  LyP-1  targeting  peptide  led  to  enhanced  tumor-specific  delivery  compared  with 
the  use  of  untargeted  controls,  highlighting  the  potential  for  combination  peptides  to  afford 
both  active  targeting  and  enhanced  cellular  penetration  (Figure  2b)  (93).  Several  groups  are 
currently  developing  additional  cell-penetrating  materials.  Recent  work  by  Cheng  and  colleagues 
(94,  95)  involves  the  development  of  supramolecular  self-assembled  nanocomplexes  for  enhanced 
intracellular  delivery.  Although  the  work  currently  applies  mainly  to  plasmid  DNA,  extension  of 
these  systems  to  siRNA  delivery  is  also  possible.  Incorporation  of  an  a-helical  cationic  polypeptide 
into  the  carrier  has  allowed  for  enhanced  membrane  penetration  capabilities,  both  extracellularly 
to  improve  cell  uptake  and  intracellularly  to  enhance  endosomal  escape. 

One  final  study  (96),  albeit  not  for  direct  in  vivo  use,  involved  the  development  of  a 
microfluidics-based  platform  for  intracellular  delivery  of  a  number  of  different  cargos,  including 
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Figure  2 

Example  strategies  for  enhancing  siRNA  nanoparticle  cellular  uptake,  (a)  PEI/siRNA  nanoparticle  with  a 
sheddable  PEG  corona.  PEG-coated  nanoparticles  exhibit  higher  colloidal  stability  and  reduced  protein 
binding  in  circulation.  When  delivered  to  the  tumor  tissue,  the  slightly  acidic  microenvironment  induces 
cleavage  of  PEG  from  the  particle  surface  and  reexposes  the  PEI/siRNA  positively  charged  nanoparticle 
core,  therefore  enhancing  nanoparticle  uptake.  (Panel  adapted  with  permission  from  83;  ©2012  American 
Chemical  Society.)  ( b )  Design  of  a  tumor-targeting  nanoparticle  with  CPPs  for  siRNA  delivery.  The  design 
includes  a  LyP-1  domain  as  a  tumor-specific  ligand  as  well  as  a  polycationic  CPP  and  an  amphipathic  CPP, 
connected  by  a  4-glycine  spacer,  for  enhancing  cellular  entry  and  endosomal  escape.  In  addition,  a  subset  of 
peptide  carriers  is  N-myristoylated  to  enhance  membrane  affinity  and,  likely,  core  stability.  (Panel  adapted 
with  permission  from  93;  ©2012  American  Chemical  Society.)  Abbreviations:  CendR,  C-end  rule  motif; 
CPP,  cell-penetrating  peptide;  myr,  N-myristoylated  subset  of  peptide  carriers;  PEG,  poly(ethylene  glycol); 
PEI,  polyethyl eneimine;  pHe,  extracellular  pH;  siRNA,  short  interfering  RNA. 


polymers,  proteins,  nanomaterials,  and  siRNA.  An  advantage  of  this  system  is  that  it  does  not 
require  a  nanoparticle  carrier  to  deliver  the  siRNA.  Owing  to  the  constriction  of  the  cells  when 
they  pass  through  channels  in  the  device,  rapid  cellular  deformation  leads  to  the  formation  of 
transient  pores  in  the  membrane,  allowing  uptake  of  siRNA  and  other  materials.  An  advantage 
of  this  system  is  that  it  can  be  used  for  difficult-to-transfect  cells,  showing  better  delivery  of 
transcription  factors  than  that  mediated  by  electroporation  or  CPPs. 
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3.3.  Improving  Intracellular  Trafficking 

In  order  to  successfully  carry  out  its  downstream  functions,  intact  siRNA  must  be  delivered  to 
the  cytoplasm  after  escape  from  the  endocytic  compartment.  Without  endosomal  escape,  the 
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siRNA  risks  being  destroyed  in  the  late  endosomes  and  lysosomes,  where  the  pH  of  the  organelles 
gradually  drops  to  5  (30). 

Quantitative  description  of  the  intracellular  trafficking  and  endosomal  escape  steps  has  thus 
far  been  fairly  limited.  However,  several  recent  studies  have  provided  more  mechanistic  under¬ 
standing  of  this  process,  highlighting  the  major  intracellular  barriers  that  limit  successful  delivery 
of  siRNA  therapeutics.  One  such  study  using  an  ionizable  lipid  nanoparticle  delivery  system  (97) 
investigated  the  uptake  and  transport  properties  using  fluorescent  imaging  as  well  as  electron 
microscopy  (98).  The  primary  uptake  mechanism  occurred  via  clathrin-mediated  endocytosis  and 
macropinocytosis,  and  only  a  small  fraction  of  siRNA  (1-2  %)  was  actually  released  from  the  endo- 
cytic  vesicles.  A  similar  study  (99),  which  also  used  lipid  nanoparticles,  found  that  a  large  fraction  of 
the  siRNA,  perhaps  as  high  as  70%  of  the  dose,  was  transported  out  of  the  cell  through  a  recycling 
pathway  mediated  by  Niemann-Pick  disease  type  Cl  (NPC1)  within  24  h  after  nanoparticle  up¬ 
take,  as  shown  in  Figure  3 a.  Cells  deficient  for  NPC1  showed  increased  intracellular  nanoparticle 
concentration  and  higher  knockdown  efficiency.  A  separate  study  by  Fichter  et  al.  (100)  showed 
a  different  intracellular  trafficking  pattern  for  Glycofect  polymeric  nanoparticles  leading  to  their 
accumulation  in  both  the  Golgi  and  the  endoplasmic  reticulum  (ER),  although  this  accumulation 
may  have  been  due  to  the  presence  of  galactose  moieties  in  the  carrier.  In  the  same  study,  a  similar 
accumulation  pattern  of  PEI  polyplexes  was  observed  in  the  Golgi  and  ER,  although  to  a  lesser 
extent  than  the  Glycofect  polyplexes. 

One  common  method  for  endosomal  escape  of  nanoparticles  involves  the  proton  sponge  mech¬ 
anism  (101-103).  The  theory  holds  that,  with  the  presence  of  protonatable  amines  on  the  nanopar¬ 
ticle  carrier,  the  pH  of  the  endosome  can  be  buffered,  protecting  the  cargo  from  acid  degradation  as 
well  as  drawing  an  influx  of  water  into  the  endosomal  compartment,  which  leads  to  its  swelling  and 
subsequent  rupture.  The  endosomal  burst  allows  for  the  escape  of  the  contents  into  the  cytoplasm. 
Recently,  additional  studies  have  attempted  to  better  understand  the  proton  sponge  mechanism. 
For  example,  Banjaminsen  et  al.  (104)  developed  a  nanoparticle  pH  sensor  for  measuring  the 
pH  in  the  lysosomal  compartment.  After  treatment  with  PEI  polyplexes  and  with  or  without  the 
nanoparticle  pH  sensor,  there  was  no  change  in  the  lysosomal  pH.  This  finding  raises  the  possibil¬ 
ity  that  the  proton  sponge  mechanism  is  not  the  dominant  method  of  endosomal  escape  for  PEI 
polyplexes.  Another  group  (105)  further  studied  endosomal  escape  of  lipoplexes  (LF2000)  and 
polyplexes  (1PEI)  using  real-time  fluorescence  imaging.  The  authors  found  that,  for  polyplexes, 
only  a  small  fraction  of  particles — an  average  of  one  or  two  per  cell — were  able  to  escape  from 
the  endosomes.  Complete  endosomal  rupture  was  not  observed  for  polyplexes  or  lipoplexes;  en¬ 
dosomal  escape  of  polyplexes  occurred  as  an  instantaneous  discharge,  whereas  lipoplexes  escaped 
slowly  over  time  into  the  cytoplasm.  This  study  once  again  highlights  that  endosomal  escape  is  a 
major  barrier  for  polyplex-mediated  siRNA  delivery.  Efficacy  of  these  systems  will  continue  to  be 
limited  until  this  barrier  can  be  circumvented. 

Pharmacological  agents  can  be  used  to  help  promote  endosomal  escape.  Coloading  siRNA 
with  amphotericin  B  (AmB),  an  antifungal  drug  known  to  increase  membrane  permeability,  leads 
to  enhanced  endosomal  release  and  gene  knockdown  efficiency,  compared  with  using  unloaded 
controls  (106).  In  addition  to  the  AmB  loading,  the  micelles  in  this  study  also  contained  a  pH- 
sensitive  protonation,  which  led  to  further  enhancement  of  endosomal  escape,  possibly  through  a 
proton  sponge  mechanism.  In  addition  to  AmB,  chloroquine  and  influenza  virus  hemagglutinin- 
based  fusogenic  peptides  have  also  been  used  to  enhance  the  endosomal  escape  of  nanoparticle 
delivery  vehicles  (107,  108). 

Once  the  carriers  escape  from  the  endosomes,  the  siRNA  must  also  be  able  to  release  from 
the  delivery  vehicle  so  that  it  can  enter  into  the  RISC  complex  to  mediate  gene  knockdown. 
One  popular  strategy  for  cytosolic  release  of  siRNA  is  the  incorporation  of  a  reduction-sensitive 
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component  to  the  system.  Because  the  cytoplasm  is  a  highly  reducing  environment,  where  glu¬ 
tathione  concentration  is  significantly  higher  (109),  site-specific  siRNA  release  can  be  achieved 
(Figure  3  b).  One  popular  strategy  for  enhanced  siRNA  release  involves  the  incorporation  of 
disulfide  bonds  into  a  poly(|3-amino  ester)  polymer  backbone  (1 10).  Such  siRNA  polyplexes  thus 
maintain  stability  extracellularly  but  unpack  intracellularly.  Similar  design  concepts  can  be  found 
in  polyplexes  involving  dextran  (111),  PLL  dendrimers  (112),  PEG  hydrogels  (113),  PEI  (114, 
115),  and  poly(|3 -amino  ester)s  (116). 

A  new  siRNA  imaging  two-probe  system  has  also  been  developed  to  better  understand  the 
nanoparticle  unpacking  dynamics  after  uptake  (117).  The  first  probe  remains  quenched  until  in 
a  reduction-sensitive  environment,  after  which  it  is  able  to  fluoresce.  The  second  probe,  based 
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on  a  Forster  resonance  energy  transfer  (FRET),  becomes  fluorescent  when  siRNA  molecules  are 
in  close  proximity  (117,  118).  In  both  cases,  because  the  siRNA  itself  is  labeled,  no  labeling  of 
the  polymer/nanoparticle  carrier  is  required,  which  allows  for  better  direct  comparison  between 
delivery  vehicles.  The  study  showed  a  slight  correlation  between  particle  dissociation  constant 
and  gene  silencing  activity,  which  suggests  that  carrier  unpacking  is  important  to  the  success  of 
siRNA  delivery. 

The  vast  majority  of  intracellular  trafficking  studies  rely  on  qualitative  comparison  of  im¬ 
munofluorescence  images  and  colocalization  of  fluorescently  labeled  siRNA  or  nanoparticles  with 
different  organelles.  It  is  difficult  to  extract  a  kinetic  description  of  the  multistep  processes  and 
to  determine  the  rate-limiting  barrier(s).  More  importantly,  the  throughput  capability  of  this  ap¬ 
proach  is  often  low,  allowing  the  analysis  of  only  a  small  fraction  of  cells.  Further  developments 
of  new  methodologies  are  needed  to  enable  quantitative  characterization  of  the  intracellular  traf¬ 
ficking  steps  and  to  allow  a  more  thorough  understanding  of  this  process. 

In  addition  to  improving  the  understanding  of  intracellular  trafficking  mechanisms,  boosting 
the  intracellular  stability  of  siRNA  remains  a  critical  challenge  for  enhancing  its  therapeutic  po¬ 
tential.  As  mentioned  above,  a  number  of  siRNA  structural  modifications  have  been  employed, 
leading  to  prolonged  siRNA  stability  in  extracellular  fluids  such  as  serum.  Less  attention  has  been 
given  to  the  intracellular  stability  of  siRNA,  where  cytoplasmic  nucleases  can  also  cause  rapid 
degradation  of  the  duplex — although  when  bound  to  the  RISC  complex,  the  molecules  persist 
longer  than  the  unbound  strands  (119).  Although  it  led  to  improved  extracellular  stability,  2 ' -O- 
methyl-modified  siRNA  did  not  show  any  improvement  in  the  duration  of  gene  knockdown  in 
vitro  using  a  luciferase  reporter  system  (120).  Similar  results  were  also  observed  with  additional 
chemically  modified  siRNA  systems  (12 1).  Interestingly,  it  was  observed  that  further  siRNA  mod¬ 
ification  to  include  a  4'-thioribonucleoside  led  to  44%  gene  knockdown  at  7  days,  whereas  siRNA 
lacking  the  thio  modification  mediated  negligible  knockdown  efficiency  (122).  Analysis  using 
quantitative  polymerase  chain  reaction  (PCR)  estimated  that  20  times  more  4'-thioribonucleoside 
siRNA  was  present  at  day  7,  highlighting  the  critical  importance  of  improving  both  intracellular 
and  extracellular  siRNA  stability  to  prolonged  gene  knockdown. 
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Figure  3 

Barriers  to  intracellular  trafficking  and  release  of  siRNA  delivered  by  nanoparticles,  (a)  Transcytosis  of 
cationic  LNPs  limits  effective  intracellular  delivery  of  siRNA.  LNP  trafficking  in  (i)  NPC14-/+  and  (ii) 
NPC1— /—  cells.  LNPs  enter  through  macropinocytosis  (1);  a  small  fraction  of  LNPs  move  from 
macropinosomes  to  die  ERG  (2),  whereas  the  majority  are  directed  to  late  endosomes  (3).  Late  endosomes 
sort  LNPs  to  lysosomes  for  degradation  or  utilize  multiple  recycling  pathways  to  traffic  the  lysosomes  out  of 
the  cell,  either  through  the  ER-Golgi  route  (4)  or  by  direct  fusion  of  late  endosomes  (containing 
multivesicular  bodies)  with  the  plasma  membrane  (i.e.,  exosome  secretion)  (5).  By  contrast,  the  late 
endosome  recycling  mechanisms  in  the  NPC1 -deficient  cell  (ii)  are  impaired,  leading  both  to  accumulation 
of  siRNA  LNPs  in  enlarged  late  endosomes  and  to  sustained  escape  of  siRNA  that  improves  gene  silencing. 
[Panel  adapted  by  permission  from  Macmillan  Publishers  Ltd.:  Nature  Biotechnology  (99),  ©2013.] 

( b )  Effective  cytosolic  release  of  siRNA  may  limit  the  incorporation  into  RISC.  A  popular  strategy  to 
promote  intracellular  release  of  siRNA  while  maintaining  extracellular  stability  is  to  introduce  reversible 
disulfide  cross-links.  In  this  example,  double-stranded  siRNAs  are  conjugated  to  dextran  with  disulfide  bonds 
and  then  form  complex  nanoparticles  with  1PEI.  Once  the  nanoparticles  are  delivered  to  the  reductive 
environment  in  the  cytosol,  tire  siRNA  chains  can  be  released.  (Panel  adapted  from  111,  ©2013,  with 
permission  from  Elsevier.)  Abbreviations:  DSC,  dextran-siRNA  conjugate;  ER,  endoplasmic  reticulum; 
ERC,  endocytic  recycling  compartment;  LNPs,  lipid  nanoparticles;  1PEI,  linear  polyethyleneimine;  NPC1 
cell,  Niemann-Pick  type  Cl  cell;  RISC,  RNA-induced  silencing  complex;  siRNA,  short  interfering  RNA. 
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4.  NEW  DEVELOPMENTS  IN  DISEASE  TREATMENT  USING 
siRNA  THERAPEUTICS 

Although  a  number  of  obstacles  to  siRNA  delivery  still  exist,  several  carriers  have  been  developed, 
characterized,  and  applied  for  in  vivo  studies.  Two  of  the  most  common  applications  for  siRNA 
delivery  involve  hepatic  and  cancer  therapies.  In  addition,  two  other  routes  of  administration,  oral 
and  topical,  demonstrate  the  vast  potential  for  the  development  of  new  siRNA  therapeutics. 


4.1.  Liver- Specific  Delivery  of  siRNA 

The  liver  represents  a  critical  target  for  siRNA  delivery,  as  it  is  the  site  of  a  number  of  viral  in¬ 
fections,  metabolic  disorders,  and  cancer  (123-125).  One  early  application  of  liver-specific  siRNA 
was  the  treatment  of  cirrhosis  through  knockdown  of  rat  protein  gp46,  the  analog  to  human  heat 
shock  protein  47,  a  main  facilitator  of  collagen  secretion  and  subsequent  fibrosis  (90).  Gene  knock¬ 
down  was  achieved  by  intravenous  injection  of  vitamin  A-conjugated  liposomes,  which  provided 
liver-specific  targeting.  Following  treatment,  collagen  secretion  was  reduced  and  fibrotic  areas 
were  significantly  smaller,  leading  to  survival  rates  of  100%  at  the  most  frequent  dosing  times, 
compared  with  no  survival  for  control  groups.  A  separate  study  using  a  polymer-based  system 
termed  Dynamic  Polyconjugates — which  consists  of  a  poly(vinyl  ether)  for  endosomal  lysis,  N- 
acetylgalactosamine  for  hepatocyte  targeting,  and  PEG  for  shielding — showed  ~80%  knockdown 
ofapolipoprotein  B  (apoB)  following  intravenous  injection  of  2.5  mg  siRNA/kgbody  weight  (126). 
Using  PEGylated  lipoplexes,  Akinc  et  al.  (25)  demonstrated  that  greater  than  90%  of  the  com¬ 
plexes  accumulated  in  the  liver  after  intravenous  injection.  Using  a  Factor  VII  knockdown  model, 
the  authors  showed  that  gene  silencing  could  be  achieved  for  nearly  1  month,  with  50%  knock¬ 
down  activity  after  3  weeks.  In  addition,  monthly  dosing  led  to  similar  silencing  levels  and  kinetics, 
with  no  evidence  of  an  adaptive  immune  response.  Further  studies  on  this  platform  showed  that 
other  lipoplex  formulations  could  achieve  significant  knockdown  of  Factor  VII  at  doses  as  low  as 
0.1  mg/kg  in  mice,  though  for  shorter  duration  than  with  the  higher  dose  of  1  mg/kg  (24,  26, 
127).  Furthermore,  Love  et  al.  (24)  demonstrated  the  feasibility  of  combining  five  unique  hep¬ 
atocyte  siRNA  sequences  into  one  nanoparticle  formulation,  which  resulted  in  more  than  50% 
knockdown  of  each  gene  target  at  a  dose  as  low  as  0.1  mg/kg  per  siRNA.  Another  study  using 
a  similar  lipoplex  showed  effective  reduction  of  cholesterol  level  in  both  rodents  and  nonhuman 
primates.  Using  an  siRNA  targeting  low-density  lipoprotein  receptors,  the  authors  observed  a 
60%  decrease  in  rodent  cholesterol  concentration  and  a  ~50%  decrease  in  LDL  cholesterol  level 
in  primates  following  systemic  administration  at  a  dose  of  5  mg/kg  (128). 
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4.2.  Tumor- Specific  Delivery  of  siRNA 

Cancer  treatment  remains  one  of  the  most  widespread  applications  of  siRNA  therapeutics.  A  recent 
report  by  Ren  et  al.  (129)  described  a  peptide-based  “tumor-penetrating  siRNA  nanocomplex” 
targeting  a  potential  ovarian  cancer  oncogene,  ID4.  These  siRNA  nanoparticles  were  shown  to 
selectively  target  and  penetrate  deep  within  the  tumor  tissue.  Following  intravenous  injection 
of  5  mg/kg  siRNA  every  3  days  for  25  days,  tumor  growth  slowed  by  82%  and  survival  rate 
increased  compared  with  those  of  controls  and  nonsense  RNA  nanoparticles.  In  a  separate  study, 
a  peptide  fusion  protein,  consisting  of  Her2  single  chain-fragmented  antibodies  (ScFvs)  bound  to 
protamine,  was  complexed  with  polo-like  kinase  1  (PLK1)  siRNA  for  breast  cancer  suppression 
(130).  The  siRNA  nanocomplexes  significantly  slowed  Her2+  tumor  growth,  reduced  the  number 
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of  detectable  metastases,  and  prolonged  survival  time  following  twice-weekly  intravenous  injection 
of  a  2  mg/kg  dose  for  4  weeks.  These  nanoparticles  were  also  used  to  deliver  a  cocktail  of  antitumor 
siRNA,  leading  to  even  better  results  than  with  PLK1  siRNA  alone.  Leuschner  et  al.  (131)  showed 
that  lipoplexes  could  successfully  deliver  siRNA  to  inflammatory  monocytes.  When  the  lipoplexes 
were  applied  to  a  colorectal  cancer  model  and  treated  with  CCR2  siRNA,  a  75%  reduction  of 
tumor-associated  macrophages  was  observed.  The  study  also  highlighted  the  utility  of  this  delivery 
system  in  a  number  of  other  disease  models,  including  treating  atherosclerosis  and  myocardial 
infarction  and  prolonging  survival  of  transplanted  pancreatic  islets. 

Liu  et  al.  (132)  demonstrated  that  a  cationic  micellar  nanoparticle,  consisting  of  biodegrad¬ 
able  PCL-Vor£-poly(2-aminoethylethylene  phosphate)  and  PCL-WorUPEG,  could  deliver  siRNA 
against  hypoxia-inducible  factor- la,  targeting  the  hypoxic  tumor  microenvironment.  When 
tested  in  a  mouse  prostate  cancer  model,  intravenous  administration  of  2-mg/kg-siRNA  micel¬ 
lar  nanoparticles  inhibited  tumor  growth  by  nearly  60%  and  induced  sensitization  to  doxoru¬ 
bicin  treatment.  Codelivery  of  PLK1  siRNA  and  paclitaxel  with  these  micellar  nanoparticles  in  a 
mouse  breast  cancer  xenograft  model  also  showed  significant  antitumor  effect  and  potentiated  the 
chemotherapeutic  effect  of  paclitaxel,  and  a  1,000-fold  lower  dose  of  paclitaxel  with  siRNA  could 
achieve  the  same  antitumor  effect  as  paclitaxel  alone  (133).  Codelivery  of  siRNA  and  chemothera- 
peutics  has  shown  synergistic  effect  in  several  other  systems  as  well.  For  example,  coencapsulation 
of  siRNA  for  the  oncogene  c-Myc  with  gemcitabine  monophosphate  resulted  in  a  significant 
decrease  in  tumor  growth  using  DOTAP-based  lipid/calcium  phosphate  nanoparticles  in  a  non- 
small-cell  lung  cancer  mouse  model  (134).  With  the  same  delivery  system,  switching  to  vascular 
endothelial  growth  factor  (VEGF)  siRNA  also  improved  treatment  response,  as  demonstrated  by 
a  reduction  in  tumor  growth  and  tumor  vascular  density  (135). 

For  tumor-specific  siRNA  nanoparticle  delivery,  it  is  important  to  pay  attention  to  the  tumor 
vasculature  to  maximize  the  enhanced  permeation  and  retention  (EPR)  effect.  In  a  recent  study, 
Li  et  al.  (136)  showed  that  enhancing  the  tumor  vascularity  by  ectopic  expression  of  VEGF  led 
to  greater  efficiency  of  siRNA  delivery  to  the  tumor  tissue  (136).  This  result  was  corroborated 
when  comparing  a  highly  vascularized  with  a  poorly  vascularized  tumor  model,  which  showed  that 
siRNA-mediated  gene  knockdown  was  60%  in  the  former  versus  15%  in  the  latter. 


4.3.  Additional  Administration  Routes  for  siRNA  Nanoparticles 

Oral  delivery  is  a  convenient  and  unique  route  of  administration  for  many  therapeutics.  In  a 
recent  report,  Yin  et  al.  (137)  used  a  self-assembled  polymeric  nanoparticle  to  orally  deliver  tumor 
necrosis  factor  alpha  (TNF-a)  siRNA  for  treatment  of  inflammatory  diseases.  Incorporation  of 
a  mannose-targeting  ligand  directed  particle  uptake  to  enterocytes  and  macrophages  in  the  small 
intestine.  Cysteamine  was  also  included  to  form  disulfide  bonds  with  the  mucosal  glycoproteins, 
keeping  the  particles  localized.  Using  a  hepatic  injury  model,  siRNA  nanoparticle  treatment  led 
to  an  80%  decrease  in  TNF-a  levels  in  the  lung,  liver,  and  spleen,  suggesting  that  the  orally 
administered  nanoparticles  transported  to  other  tissues  following  intestinal  absorption. 

Topical  delivery  is  another  convenient  but  challenging  delivery  route.  Using  13-nm  gold 
nanoparticles  as  carriers  for  surface-conjugated  siRNA,  Zheng  et  al.  (138)  showed  that  topical 
delivery  of  siRNA-targeting  epidermal  growth  factor  receptor  (EGFR)  led  to  decreased  EGFR 
expression  in  keratinocytes,  lowered  downstream  signaling  activation,  and  decreased  epidermal 
thickness  by  40%.  The  treatment  was  well  tolerated  and  did  not  show  any  gold-nanoparticle  ac¬ 
cumulation  in  internal  organs,  suggesting  its  potential  for  treatment  of  skin  lesions,  tumors,  and 
genetic  disorders. 
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4.4.  Clinical  Trials  of  siRNA  Delivery 

Coverage  of  clinical  trials  involving  siRNA/small  hairpin  (sh)RNA  prior  to  2  0 1 0  can  be  found  in  a 
recent  excellent  review  article  (139).  Davis  et  al.  (140)  reported  the  first  direct  evidence  of  an  RNAi 
effect  in  a  Phase  I  clinical  trial  when  an  siRNA  against  the  M2  subunit  of  ribonucleotide  reductase 
(RRM2)  was  delivered  using  a  nanoparticulate  delivery  system  comprising  a  cyclodextrin-based 
cationic  polymer,  PEG,  and  a  transferrin  ligand.  Nanoparticles  accumulated  in  the  tumor  tissue 
and  mediated  a  significant  reduction  of  mRNA  level  for  RRM2 .  Specific  cleavage  of  the  target 
sequence  was  also  confirmed  using  5'-RACE  analysis.  In  another  recent  report,  Tabernero  et  al. 
(141)  studied  the  delivery  of  siRNA  targeting  VEGF  and  kinesin  spindle  protein  (KSP),  using  a 
lipoplex  system,  for  the  treatment  of  patients  with  advanced  cancer  and  liver  metastases.  Following 
intravenous  injection  of  nanoparticles  at  siRNA  doses  ranging  from  0.4  to  1.5  mg/kg,  cleavage  of 
VEGF  was  detected  at  the  target  site,  leading  to  lower  mRNA  levels  and  disease  control  in  four 
patients,  including  a  complete  regression  in  one  patient  with  significant  liver  metastases.  Finally, 
Coelho  et  al.  (142)  examined  a  lipid  nanoparticle  formulation  for  the  treatment  of  transthyretin 
amyloidosis,  a  life-threatening  condition  in  which  hepatocyte-produced  transthyretin  amyloid  is 
deposited  in  other  organs  and  tissues.  After  delivery  of  an  siRNA  against  transthyretin,  the  authors 
observed  a  reduction  in  circulating  transthyretin  level  of  up  to  86.8%  with  no  significant  adverse 
side  effects. 


5.  CONCLUDING  REMARKS 
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Important  progress  has  been  made  in  designing  biomaterials  and  engineering  nanoparticles  and  in 
understanding  the  mechanisms  of  nanoparticle  uptake  and  intracellular  trafficking,  as  showcased 
above.  Despite  the  promise  shown  by  nanoparticle-mediated  siRNA  delivery  in  many  preclinical 
studies  and  extensive  development  in  carrier  design,  outcomes  from  the  initial  clinical  studies  have 
not  been  as  promising  as  hoped  (143).  These  initial  results  highlight  the  challenges  in  nanoparticle 
engineering  of  overcoming  physiological  barriers  at  the  systemic,  tissue,  and  cellular  levels.  More 
effort  is  required  to  understand  the  interactions  between  various  siRNA  nanoparticles  and  blood 
components,  which  is  crucial  for  controlling  siRNA  nanoparticles’  colloidal  stability  in  circulation, 
and,  thus,  their  trafficking  dynamics,  and  their  delivery  efficiency  to  the  target  tissue  (144).  Dif¬ 
ferent  imaging  modalities  can  be  employed  to  provide  quantitative  characterization  of  transport 
kinetics  of  siRNA  nanoparticles  in  vivo  and  in  vitro. 

Physical  and  physiological  factors  that  influence  nanoparticle  transport  properties  in  vivo 
should  be  taken  into  consideration  when  designing  the  next  generation  of  nanoparticles.  For 
example,  there  is  an  increasing  body  of  evidence  indicating  that  the  shape  of  nanoparticles  plays 
important  roles  in  dictating  their  biofunctionality,  including  their  systemic  trafficking  (145),  cellu¬ 
lar  uptake  (146),  and  tissue  diffusion  (147).  A  recent  study  by  Jiang  et  al.  (148)  reported  a  method 
to  condense  plasmid  DNA  into  micellar  nanoparticles  with  PEG-i-PPA  under  controlled  sol¬ 
vent  conditions.  The  resultant  micellar  nanoparticles  had  a  core  shell  structure  and  tunable  shape 
(Figure  4),  which  allowed  the  authors  to  generate  a  series  of  micellar  nanoparticles  with  uniform 
spherical,  rod-like,  and  worm-like  morphologies.  Using  the  disulfide  cross-linking  method,  the 
authors  demonstrated  that  the  shape  of  these  nanoparticles  markedly  influenced  DNA  delivery 
efficiency  in  rat  liver.  These  results  highlight  the  significance  of  the  shape  of  micelles  in  influencing 
their  biodistribution  and,  likely,  endocytic  uptake.  This  strategy  will  likely  be  a  fruitful  approach 
for  siRNA  formulations. 

An  aspect  of  RNAi  therapeutics  development  that  has  been  underappreciated,  at  least  in  aca¬ 
demic  labs,  is  manufacturing.  Bulk  mixing  remains  the  norm  in  synthesizing  or  formulating  siRNA 
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Figure  4 

Controlling  the  shape  of  polycation-condensed  plasmid  DNA  nanoparticles.  ( a )  Condensation  of  DNA  with 
PEG-i-PPA  in  solvents  with  various  polarity  yields  nanoparticles  of  different  shapes,  (b-e)  TEM  images  of 
PEGiok-^-PPA4k/DNA  micelles  prepared  in  (h)  10%,  (c)  30%,  (d )  50%,  and  (e)  70%  of  DMF/water 
mixture.  Abbreviations:  DMF,  dimethylformamide;  PEG-£-PPA,  poly(ethylene  g\ycol)-block- 
polyphosphoramidate.  (Figure  adapted  witlr  permission  from  148;  ©2013  WILEY-VCH  Verlag  GmbH  & 
Co.  KGaA,  Weinheim.) 

lipoplexes  and  polyplexes.  Although  simple,  fast,  and  inexpensive,  bulk  mixing  produces  nanopar¬ 
ticles  heterogeneous  in  size,  composition,  and  surface  charge.  A  more  concerted  effort  to  develop 
engineering  technologies  to  manufacture  siRNA  nanoparticles  with  better  control  of  these  pa¬ 
rameters  will  address  a  critical  barrier  to  the  eventual  translation  of  RNAi  therapeutics. 

Scientifically,  RNAi  presents  tremendous  opportunities  in  research  and  therapeutics.  Commer¬ 
cially,  RNAi  therapeutics  has  gone  through  its  ups  and  downs.  Haussecker  (143)  in  his  commen¬ 
tary  on  RNAi  therapeutics  commercialization  categorizes  its  current  development  in  the  recovery 
phase,  with  it  having  emerged  from  the  discovery,  boom,  and  backlash  phases.  He  also  likens  the 
technology  development  of  RNAi  therapy  to  that  of  gene  therapy.  If  that  is  the  case,  the  future 
for  science  and  development  of  RNAi  therapeutics  is  bright  because  gene  therapy  is  enjoying  a 
revival.  A  pervasive  theme  in  the  analysis  of  RNAi  business  potential  is  the  need  for  better  delivery. 
Recent  advances  described  in  this  review  suggest  that  the  field  will  reach  that  potential. 
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FEDERALLY  SPONSORED  RESEARCH  OR  DEVELOPMENT 

This  invention  was  made  with  government  support  under  R21EB015152 
awarded  by  the  National  Institutes  of  Health  (NIH),  W81XWH-10-2-0053  awarded  by 
the  U.S.  Army  Defense  Threat  Reduction  Agency  (DTRA),  and  R01NS041438 
awarded  by  the  National  Institute  of  Neurological  Disorders  and  Stroke  (NINDS). 

The  government  has  certain  rights  in  the  invention. 

BACKGROUND 

Identifying  parameters  that  mediate  efficient  delivery  of  siRNA  via 
nanoparticles  to  the  central  nervous  system  (CNS)  can  have  important  therapeutic 
implications  for  treating  CNS-related  diseases,  such  as  Alzheimer's  Disease,  a 
progressive  degenerative  brain  disorder  characterized  pathologically  by  the 
accumulation  of  amyloid-B  (AB)  species  and  neurofibrillary  tangles.  B-site  APP 
cleaving  enzyme  1  (BACE1),  a  key  enzyme  required  for  the  generation  of  AB  from 
the  amyloid-B  precursor  protein  (APP),  is  a  well-validated  therapeutic  target  amenable 
to  the  RNA  interference  therapeutic  strategy. 

Considerable  progress  has  been  made  toward  developing  RNA  interference  as 
a  therapeutic  strategy  (Alvarez-Erviti  et  al.,  2011).  Efficient  delivery  and  knockdown 
of  suitable  targets  in  an  in  vivo  context  has  been  challenging,  however.  The 
development  of  siRNA  loaded  nanoparticles  has  demonstrated  their  capability  for 
packaging  and  delivery  in  in  vitro  and  in  vivo  models  (Lee  et  al.,  2012;  Jensen  et  al., 
2013).  Various  polycationic  carriers  have  the  capability  to  package  and  deliver 
siRNA  in  the  form  of  nanoparticles,  although  their  in  vivo  transfection  efficiency  has 
been  disappointing. 

Studies  have  shown  that  the  shape  of  the  nanoparticles  can  play  a  key  role 
toward  improving  delivery  efficiency  (Jiang  et  al.,  2013).  The  effort  to  build  a  viable 
in  vivo  siRNA  delivery  method  will  involve  the  need  to  understand  the  effect  of 
varying  shape  on  payload  delivery,  while  maintaining  the  integrity  of  the  nanoparticle 
complex  until  it  reaches  its  site  of  delivery.  Thus  far,  controlling  the  shape  of  these 
siRNA  nanoparticles,  however,  has  been  inaccessible. 
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SUMMARY 


In  some  aspects,  the  presently  disclosed  subject  matter  provides  a  method  for 
preparing  a  shape-controlled  siRNA  nanoparticle,  the  method  comprising:  providing 
a  copolymer  solution  comprising  a  block  copolymer  or  a  graft  copolymer  of  a  water 
5  soluble,  non-charged  polymer  and  a  polycation  in  a  first  solvent,  wherein  the  water 
soluble,  non-charged  polymer  and  the  polycation  each  have  a  structure  and  a 
molecular  weight;  and  mixing  the  copolymer  solution  with  a  solution  of  siRNA  at  a 
predetermined  siRNA  to  copolymer  ratio  and  pH  in  a  second  solvent  to  form  a  shape- 
controlled  siRNA  nanoparticle,  wherein  the  siRNA  has  a  predetermined  number  of 
10  base  pairs  and  the  first  and  second  solvent  can  be  the  same  or  different;  and  wherein 
the  shape-controlled  siRNA  nanoparticle  has  a  shape  controlled  by  one  or  more  of 
the:  structure  of  the  water  soluble,  non-charged  polymer;  molecular  weight  of  the 
water  soluble,  non-charged  polymer;  structure  of  the  polycation;  molecular  weight  of 
the  polycation;  number  of  base  pairs  of  the  siRNA;  ratio  of  siRNA  to  copolymer;  pH; 
15  first  solvent  comprising  the  copolymer  solution  and/or  the  second  solvent  comprising 
the  siRNA  solution,  and,  if  the  copolymer  is  a  graft  copolymer,  a  graft  density  thereof. 

In  particular  aspects,  the  water  soluble,  non-charged  polymer  comprises 
polyethylene  glycol  (PEG)  and  the  polycation  is  linear  polyethylenimine  (LPEI). 

In  other  aspects,  the  presently  disclosed  subject  matter  provides  a  method  for 
20  treating  a  disease  or  condition,  the  method  comprising  administering  to  a  subject  in 
need  of  treatment  thereof,  a  shape-controlled  siRNA  nanoparticle  described 
hereinabove,  or  a  pharmaceutical  composition  thereof,  in  an  amount  effective  for 
treating  the  disease  or  condition. 

In  particular  aspects,  the  disease  is  a  neurological  disease.  In  yet  more 
25  particular  aspects,  the  neurological  disease  is  selected  from  the  group  consisting  of 
Amyotrophic  lateral  sclerosis  (ALS),  frontotemporal  dementia  (FTD),  Parkinson’s 
disease,  Alzheimer’s  disease,  Huntington’s  disease,  and  dementia  with  Lewy  Bodies. 

Certain  aspects  of  the  presently  disclosed  subject  matter  having  been  stated 
hereinabove,  which  are  addressed  in  whole  or  in  part  by  the  presently  disclosed 
30  subject  matter,  other  aspects  will  become  evident  as  the  description  proceeds  when 
taken  in  connection  with  the  accompanying  Examples  and  Figures  as  best  described 
herein  below. 
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THAT  WHICH  IS  CLAIMED: 


1.  A  method  for  preparing  a  shape-controlled  siRNA  nanoparticle,  the 
method  comprising: 

providing  a  copolymer  solution  comprising  a  block  copolymer  or  a  graft 
copolymer  of  a  water  soluble,  non-charged  polymer  and  a  polycation  in  a  first  solvent, 
wherein  the  water  soluble,  non-charged  polymer  and  the  polycation  each  have  a 
structure  and  a  molecular  weight;  and 

mixing  the  copolymer  solution  with  a  solution  of  siRNA  at  a  predetermined 
siRNA  to  copolymer  ratio  and  pH  in  a  second  solvent  to  form  a  shape-controlled 
siRNA  nanoparticle,  wherein  the  siRNA  has  a  predetermined  number  of  base  pairs 
and  the  first  and  second  solvent  can  be  the  same  or  different;  and 

wherein  the  shape-controlled  siRNA  nanoparticle  has  a  shape  controlled  by 
one  or  more  of  the:  structure  of  the  water  soluble,  non-charged  polymer;  molecular 
weight  of  the  water  soluble,  non-charged  polymer;  structure  of  the  polycation; 
molecular  weight  of  the  polycation;  number  of  base  pairs  of  the  siRNA;  ratio  of 
siRNA  to  copolymer;  pH;  first  solvent  comprising  the  copolymer  solution  and/or  the 
second  solvent  comprising  the  siRNA  solution,  and,  if  the  copolymer  is  a  graft 
copolymer,  a  graft  density  thereof. 

2.  The  method  of  claim  1,  wherein  the  water  soluble,  non-charged 
polymer  comprises  polyethylene  glycol  (PEG). 

3.  The  method  of  claim  2,  wherein  the  PEG  has  a  molecular  weight 
ranging  from  about  500  Da  to  about  20  kDa. 

4.  The  method  of  claim  3,  wherein  the  PEG  has  a  molecular  weight  of 
about  10  kDa. 

5.  The  method  of  claim  2,  wherein  the  copolymer  is  a  graft  copolymer 
and  the  PEG  has  a  graft  density  ranging  from  about  0.1%  to  about  20%. 

6.  The  method  of  claim  5,  wherein  the  PEG  has  a  graft  density  selected 
from  the  group  consisting  of  a  2%  graft  density,  a  4%  graft  density,  and  an  8%  graft 
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density. 


7.  The  method  of  claim  6,  wherein  the  2%  graft  density  results  in  a 
worm-shaped  siRNA  nanoparticle,  the  4%  graft  density  of  the  PEG  results  in  a  rod¬ 
shaped  siRNA  nanoparticle,  and  the  8%  graft  density  of  PEG  results  in  a  spherically- 
shaped  siRNA  nanoparticle. 

8.  The  method  of  claim  1,  wherein  the  polycation  is  selected  from  the 
group  consisting  of  linear  polyethylenimine  (LPEI),  poly-lysine,  poly-arginine,  poly¬ 
histidine,  chitosan,  branched  PEI,  a  poly  (beta-aminoester),  a  polyphosphoester, 
polyphosphoramidate  (PPA),  and  PEG-6-polyphosphoramidate  (PEG-PPA). 

9.  The  method  of  claim  8,  wherein  the  polycation  is  LPEI. 

10.  The  method  of  claim  9,  wherein  the  LPEI  has  a  molecular  weight 

ranging  from  about  2  kDa  to  about  50  kDa. 

11.  The  method  of  claim  10,  wherein  the  LPEI  has  a  molecular  weight  of 
about  17  kDa. 

12.  The  method  of  claim  1,  wherein  the  siRNA  has  about  25  base  pairs. 

13.  The  method  of  claim  1,  wherein  the  siRNA  decreases  the  expression  of 

13-site  APP  cleaving  enzyme  1  (BACE1)  and/or  amyloid-13  precursor  protein  (APP). 

14.  The  method  of  claim  1,  wherein  the  siRNA  comprises  a  siRNA 
sequence  selected  from  the  group  consisting  of  SEQ  ID  NO:  1,  2,  3,  4,  5,  and  6. 

15.  The  method  of  claim  1,  wherein  the  ratio  of  siRNA  to  copolymer  is 
measured  as  copolymer  nitrogen  to  siRNA  phosphate  (N/P  ratio)  and  has  a  range  from 
about  0.1  to  about  20. 

16.  The  method  of  claim  15,  wherein  the  N/P  ratio  is  less  than  about  10. 
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17.  The  method  of  claim  1,  wherein  the  pH  has  a  range  from  about  1  to 
about  7.5. 

18.  The  method  of  claim  1,  wherein  the  first  and/or  second  solvent  is  water 
or  in  a  mixture  comprising  water  and  a  water-miscible  solvent  selected  from  the  group 
consisting  of  dimethylformamide  (DMF),  dimethyl  sulfoxide  (DMSO),  dioxane,  and 
tetrahydrofuran  (THF). 

19.  The  method  of  claim  18,  wherein  the  water-miscible  solvent  is  70% 

DMF. 

20.  The  method  of  claim  19,  further  comprising  removing  the  water- 
miscible  solvent  from  the  siRNA  nanoparticle. 

21.  The  method  of  claim  20,  further  comprising  crosslinking  the  siRNA 
nanoparticle. 

22.  The  method  of  claim  1,  wherein  the  shape  of  the  siRNA  nanoparticle  is 
selected  from  the  group  consisting  of  worm-shaped,  spherically-shaped,  and  rod¬ 
shaped. 


23.  A  siRNA  nanoparticle  prepared  by  the  method  of  claim  1. 

24.  A  method  for  treating  a  disease  or  condition,  the  method  comprising 
administering  to  a  subject  in  need  of  treatment  thereof,  a  shape-controlled  siRNA 
nanoparticle  of  claim  1,  or  a  pharmaceutical  composition  thereof,  in  an  amount 
effective  for  treating  the  disease  or  condition. 

25.  The  method  of  claim  24,  comprising  administering  the  shape- 
controlled  siRNA  nanoparticle  to  the  brain  and/or  spinal  cord  of  the  subject. 

26.  The  method  of  claim  24,  wherein  the  disease  or  condition  comprises  a 
neurodegenerative  disease. 
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27.  The  method  of  claim  26,  wherein  the  neurodegenerative  disease  is 
selected  from  the  group  consisting  of  Amyotrophic  lateral  sclerosis  (ALS), 
frontotemporal  dementia  (FTD),  Parkinson’s  disease,  Alzheimer’s  disease, 
Huntington’s  disease,  and  dementia  with  Lewy  Bodies. 

28.  The  method  of  claim  26,  further  comprising  the  knockdown  of  one  or 
more  genes. 

29.  The  method  of  claim  26,  wherein  the  siRNA  decreases  the  expression 
of  P-site  APP  cleaving  enzyme  1  (BACE1)  and/or  amyloid-p  precursor  protein  (APP). 

30.  The  method  of  claim  29,  wherein  the  siRNA  comprises  is  a  siRNA 
sequence  selected  from  the  group  consisting  of  SEQ  ID  NO:  1,  2,  3,  4,  5,  and  6. 
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